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PREFACE, 

My object in this treatise has been to give a complete account 
of such portions of Electrical Science as I am acquainted with, 
and at the same time to regard them from a physical as distin- 
guished from a mathematical point of view. 

I have throughout endeavoured, as much as I am able, to 
connect the various phenomena described with the hypothesis 
adopted by Newton, Faraday, and Maxwell, namely — that there 
is no such thing as " action at a distance/' but that all electrical 
actions are transmitted from place to place by strains of some 
continuous medium filling the space between. 

In order that the book may be more useful, I have entered 
very fully into the actual experimental details of most of the 
investigations mentioned, partly in order that any one wisliing 
to continue the experimental investigation of the subject may 
find in the book accounts of what has already been done, and 
partly that students may sec that electrical phenomena have a 
real existence, and are not merely abstractions or results of 
mathematical analysis. 

I may add that, for the understanding of the text of the work, 
no mathematical knowledge is required except that of algebra 
up to simple equations. There are, however, a few mathematical 
foot-notes and appendices. 

By far the greater number of the illustrations in the book are 
original, and have been engraved under the directions of Mr. 
Cooper, from drawings of the most recent instruments now in 
actual use, made by Mr. Cole and Mr. Webster, at Kew Obser- 
vatory, at Cambridge, at King's College London, at several 
private laboratories, and at the factories of the principal instru- 
ment makers ; and I must now express my sincere thanks to 
these three gentlemen for the skill and care displayed by them 
throughout the whole of a long and laborious task. 



Preface. 

I also must expresB my tlianlcs for the loan of blocks and plates 
to the Councils of the Royal Society, of the British Associa- 
tion, and of the Royal Irish Academy, to the Committee of Kew 
Observatory, to Mr. Wm. Spottiswoode (President of the Royal 
Society), Sir Wm. Thomson, Mr. De La Rue, Mr. Croofces, Prof. 
Tyndull, the late Prof. Clerk-Maxwell, Dr. Kerr, M. Plants, 
Brof. Rontgen, Prof. Hughes, Prof. Jellett, Mr. Ayrton, Mr. 
Perry, Messrs. Elliott Bros,, and Mr. Apps. 

I have to return moat hearty thanks to many friends for in- 
valuable assistance with the proof-sheets and MSS. 

Mr. Ayrton has read the whole of Part I, in proof, and most 
of Part III. He has paid special attention to the chapter on 

Contact Electricity." 

Mr, Whipple, Sujierintendent of Kew Observatory, has read 
the whole of Part II. (Magnetism) in MS., in slips and in sheets; 
he has had several tables prepared for meat the Observatory, and 
has superintended the drawings of the various magnetic instru- 
ments which were made at Kew by Mr. Webster. 

Prof. Everett has read nil those portions of the book which relate 
to the theory of Units, namely, Chapters VIII., XX., and XLIV, 

Prof. Tyndall has read the MS. of the chapter on 
Dia magnetism. 

Mr. Spottiawoodu has read the proof of all the chapters about 
the Induction Coil, and about Electrical Discharges, i. e. 
Chapters XXXIII. to XXXVII. Mr. Moulton has also read 
the chapter on " The Sensitive State." 

Mr. Kieser, of the firm of Elliott Bros., has read the descrip- 
tion of the various forms of Resistance Boxes. 

Dr. Kerr has read Chapters XLVIII. and XUX., in which an 
account of his discoveries is given. 

Prof. W. G. Adams has also given me some valuable assistance. 

Prof. Bohzmann, of Vienna, has had the great kindness to 
write out for me the mathematical theory {not before published) 
of his experiments on Specific Inductive Capacity. The appendix 
to Chapter XI. is substantially a translation of his letter. 

Mr. J. G. Butcher and Mr. T. 0. Harding have also given 
me much assistance with the appendix to Chapter XI. and with 
some of the mathematical foot-notes. 

JMtnwvod, Dorking, AprU 17, 1880. 
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ELECTRO. STATICS* 



CHAPTER I. 

PRELIMINARY. 

We have as yet no conception of electricity apart from the 
electrified body; we have no experience of its independent 
existence, and therefore we will commence our study of the 
science by considering the •' properties of electrified bodies/' 

Properties of Electrified Bodies, 
Definitions. 

When a bodyf shows certain properties, it is said to be electrified. 
These p: operties are : — 

(1.) The power of attracting or repelling other electrified 

bodies. 
(2.) The power of inducing similar properties on neigh- 
bouring bodies. 
(3.) The power of attracting light unelectrified bodies, J and 
(4.) When very strongly electrified, the power of giving 
off sparks. 
Bodies can be electrified by various methods. 
One method is by *' friction .'' If a rod of glass or a rod of 

* See page 28. t Not being iron or steel. 

X (8) will be shown to be a consequence of (I) and (2) 




2 Electro- Statics. 

sealing-wax be rubbed with a silk handkerchief, it will be 
electrified. 

It is found that the electrification of glass differs from that of 
sealing-wax. 

EXPEBIMEKTS. 

In the following experiments we shall require two pieces of 
stout glass tube, such as is used for barometers, each about 
14 inches long and \ to J-inch diameter, two rods of coarse 
sealing-wax of about the same size, and a silk handkerchief. We 
shall also require a wooden stand (fig. 1), consisting of two uprights 

about 18 inches apart, connected by a cross- 
bar at the height of about two feet; from 
the centre of the cross-bar a wire stirrup must 
be suspended by a silk thread about 18 inches 
long. 

The wire stirrup must be of such a shape 
J,. J that when one of the glass or sealing-wax 

rods is placed in it, it will be able to turn 
freely in a horizontal plane like a compass needle. 

The experiments must be done in a warm dry room, and the 
rods and handkerchief must all be warmed by the fire for some 
time before-hand. 

Now rub two of the rods briskly with the handkerchief,* place 
one in the stirrup and hold the other near the rubbed end of it. 
It will be observed that, if the two glass rods or the two sealing- 
wax rods be used, there will be a strong repulsion, and that 
if one glass and one sealing-wax be taken, there will be an equally 
strong att)'action. 

That is to say, mnilar elecirijications repel each other, unlike 
attract. 

It is found that all electrification is of one of two kinds ; it is 
all either the same as that produced by rubbing glass, or as that 
produced by rubbing sealing-wax. 

It is also found that, if equal quantities of the electricity of 
glass an^ the electricity of sealing-wax he added together, they 
neutralize each other, 

♦ This experiment succeeds better if two experimenters each with a hand- 
kerchief rub the rods simultaneoasly. 



The two kinds of Electncity, 3 

( + ) AND {— ) Electricity. 
For this ivoson the two electricities are called respectively 
["positive" and "negative," written ( +) aud { — ). 

The electricity of" glass has been arbitrarily chosen to lie 

nlled ( + ]. 

We know from elementary algebra that if a quantity with 

rthe (+) sign be added to an equal qnuntity with the (— ) sign, 

the result is zero, and therefore, the fact that the result of adding 

equal quantities of the elcutricity of glass nad the electricity ot 

sealtng'Wax, is zero, enables us to treiit them as ordinary alge- 

I braical quantities with (+) and (— ] signs. 



Attbaction of Light Bodies. 

If the stirrup be removed from the frame (fig, 1), and a 

nther attached to the silk instead of it, it will he found that 

p)l the electritied rods, whether glass or sealing-wax, attract the 

bather. 

ElKCTRII'ICATION of TBE RCBBElt. 

When a rod is electrified by friction, it is found that the rubber 
p dectrified with an electrification opposite to that of the rod. 
, This is not a very easy thing to show experimentally, owing 
D the rapid escape of the eliMtricity of the rubber through the 
ind. 

If, however, the silk he protected by holding it in a bit of 
neet india-rubber, it will generally be ]iosaible to observe its 
Ittractive eficct ou the feather, and its attractive and repulsive 
I the electrified glass and sealing-wax, when the rods of 
Ihem are placed in the stirrup, 

Hhe quaiitili/ of eledricil^ of une Had produced on the rudbar 
t etacUif equal to Ike quauti/y of the other kind produced oh 
a rod. 

If the rod he vigorously rubbed with the handkerchief and 
le latter not removed, then, if the rod and handkerchief together 
i brought near the suspended feather, no attraction will take 

Thia shows that the electrification of the rod is exactly 
neutralized by the opposite eleutritication of the handkerohief. 
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and, therefore, that the two quantities of electrification must be 
exactly equal.* 

Transfer of Electrification. 

If an electrified body be made to touch one not previously 
electrified, it is found that the one loses a part of its electrification 
and the other gains electrification. 

We then say that part of the electriciii/ of the charged body 
has been transferred to the other body. The quantity transferred 
depends on the sizes and shapes of the two bodies. If they 
are both spheres, the electricity will divide between them in 
direct proportion to their radii. 

Experiment. — Attract the feather by one of the rubbed rods 
and let it touch it. It will be found to cling to it for awhile. 
Turn the rod gently round, so as to make different j)ortions of its 
surface touch the feather. In the course of half a minute or 
so, the feather will fly away from the rod, and, on bringing the 
latter near it, it will be repelled. This is explained by the fact 
that, when the feather touched the rod, a portion of the electrifi- 
cation of the latter was transferred to it, and it is repelled 
because it is charged with the same electrification as that on 
the rod. 

Conductors and Insulators. 

If one end of a rod of sealing-wax be electrified, it keeps its 
electrification for a considerable time in dry air, and the other end 
remains unelectrified. 

If, on the other hand, one end of a rod of metal be electrified, 
the electrification at once distributes itself all over the rod ; and 
if one end of the rod be placed on the ground, the electrification 
is rapidly lost. 

Substances like the sealing-wax, in which electricity cannot 
move freely, are called *' Insulators" those like metals, in which 
it can move freely, are called " Conductors" 

Silver is the best conductor known, and dry air the best insu- 
lator, but no substances are quite perfect either way. 

So many substances exist whose conducting and insulating 

♦ The experiment must be performed with a feather, and not with the 
suspended electrified rod, as the nuspended rod would attract any unelectrified 
body brought near it in the same way as the electrified rod attracts the 
feather. 
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powers come between those of the above, that there can hardly 
be said to be any definite line of demarcation between conductors 
and insulators. 

We may, however, for all practical purposes, consider the 
metals as conductors, and air, glass, ebonite, sealing-wax, 
paraffin-wax, and silk, as insulators. 

The Gold-leaf Electroscope. 

This is a more delicate apparatus than the suspended feather 
for detecting small quantities of electrification. 

It shows the presence of electricity by the divergence of two 
gold-leaves hung close together. It is described on page 32. 

Electeification by Induction. 

When a charged body is placed near another, but not in 
contact with it, the second body becomes electrified, and remains 
electrified as long as the charged body is in its neighbourhood. 
As soon as the charged body is removed, all signs of electrification 
in tlie other disappear. 

This kind of electrification is called ^'Electrification bt/ 
induction," 

Experiment, — Rub one of the rods and hold it near to, but 
not in contact with, the plate of the electroscope. The leaves at 
once diverge, and remain diverged as long as the rod remains in 
position. On removing the rod they collapse. 

The experiment still succeeds if a plate of glass, gutta-percha, 
paniffin-wax, or any other non-con duct or , be placed between the 
electroscope and the sealing-wax. 

This shows that the charged rod induces a cliarge of electricity 
in the plate and gold-leaves of the electroscope, the action taking 
place at a dist^ince and across the intermediate insulator, 

Metal Screens. 

It is found that, if a large metal screen, which is connected to 
the earth to allow electricity to escape from it, be placed between 
the sealing-wax and the electroscope, no induction takes place. 
Similarly the induction can be stopped by covering the electro- 
scope with a metal or wire gauze cage connected to the earth.* 

This fact is very important in many experiments, as, by being 

* See page 7- 
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enclosed in metal tubes and cases^ wires and instmments can be 
protected from the induction of neiophbouring charged bodies. 

Natube of the Induced Charge. 

It is found that the induced charge invariably consists of 
equal quantities of positive and negative electricity. 

The electricity of the opposite kind to that of the inducing 
body is on the side next to it and, in a conductor,* the electricity 
of the same kind is on the further side. 

Experiment, — Place a metal conductor on a glass stand near 
a strongly electrified body (such as the conductor of an electric 
machine, fig. 2) . It will become charged by induction. Place 
two gold-leaf electroscopes at a sufficient distance from it for 
them not to be affected directly by the charged body. 

Let us now explore the metal conductor by means of a " proof- 
plane.'' 

A '^ proof-plane '' is a metal disc about 2 inches diameter 
attached to an insulating handle. 

By means of it, a portion of the charge of any part of the 
conductor can be carried to an electroscope ; for on touching the 
conductor with the proof-plane, a portion of the charge passes 
to it, and, on touching the electroscope with the proof-plane, 
part of the charge which the latter has acquired passes to the 
former. 

Let us first touch the middle of the conductor with the 
proof- plane, and carry it to one of the electroscopes. No effect 
will be produced. This shows that all the induced charge is at 
the ends. 

Let us now touch the two ends respectively with two 
proof-planes, and then convey the charges obtained to the 
electroscopes respectively. 

Both sets of leaves will diverge, showing that both ends of 
the conductor were chari^'ed. 

Let us now connect the two electroscopes by a fine wire held 
in an insulating handle. Both sets of leaves will collapse, show- 
ing that the electricities from the two ends were opposite in 
kind and have neutralized each other when allowed to combine. 

• In non-conductors the distribution of the similar electricity is more 
complicated. 
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I, suspended by a silk thread, with 

eleotncity as that of the inducing body, and, bring it 

le far end of the conductor. 

It will be repelleil, showing that the electricity of the far end 

is of the same kind as thut of the inducing body, and, therefore, 

that of the near end of the opposite kind. 

Now rvmove the inducing body ; all signs of clectriBcation 
disappear from the conductor, showing that the charges of positive 
and negative electricity were exactly equal in amount, as they 
ha¥e nentnilizcd each other when set free and allowed to combine. 

Atteaction oc Light Bodies expi-ained. 
We now see why a charged body attracts light bodies not 
previously chained. It induces a charge oppoaite to its own on 
the near side, and one similar to its own on the far side. The 
near side is attracted and the far side repelled ; but, owing to the 
smaller distance of the attracted side, the attraction is stronger 
than the repulsion aud the body iis a whole is attracted. 

ElitTU CONNKCTTON, 

In certain experiments we wish to study only one portion of 
the induced charge, n.imely, that induced on the end of the 
conductor which is nearest to the charged body. 

The charge on the far end can he removed to any distance by 
wfiiciently lengthening the conductor. 

Instead of making the metal conductor of great length, we 
may carry u wire from it to the nearest svater-pipe ; the whole 
^world then beeomes part of the conductor. The " near end " is 
that of the metal conductor under examination; and the "far 
end " may be considered to be somewhere in Anstralia. 

If a conductor " connected to eartii " bo acted on inductively 
by a positively charged body, the whole charge on it (vill be 
negative — ^that is, all the parts near to the charged body will be 
negative, and no charge can be detected on the other parts, for 
they will all he in the same condition as the middle of the con- 
ductor in the experiment described on page 6. 

In speaking of this phenoroeuon we sometimes say that, when 
the conductor ia connected to earth, the induced electricity of 
the " far end " escapes to earth. This must merely be considered 
B8 an abbreviated way of stating what occurs. 
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ELECTRICAL MACHINES. 

Toa the [iroduction of large quantities of etatical elwtricity, 
various mai'liinea are used, as the rubbing; of a glass or sealing-wax 
rod with a hiindkerehief, only produces a small amount. 

The principal machines used are those which we are about to 
describe, namely, the " Friction machine," the " Holtz machine," 
nod the " Eleetrophoriis." 

TuE Friction Machine. 

The Friction machine ia essentially an apparatus for con- 
veniently rubbing gJuBS and silk together, and Gollecting the 
electricity produced. 

It is made in several forms. The glaxs plate muc/iiiie (fig. 2) 
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axis by turning n handle. Two pairs of cuBhions covered with 
silk press against it near its edges. The cushions are connected 
nith the gruiind, so that the negative electricity produced on 
them can eseitpe. 

The glass becomes highly charged positively. A massive 
brass conduetur is fixed, insulated, to the stund of the machine, 
and two branches of it project so as almost to touch the gloss juEt 
after it leaves the rubbers. 

These branches are furnished with a row of points to couduct 
the electricity from the glass,' On turning the handle, the con- 
ductor becomes highly charged with positive electricity. On 
placing the knnckle near the conductor, sparks ciin be obtained. 

A machine whose ptate is 2 feet in diameter should, when in 
good order, give sparks nearly 2 inches long. 

OlusB machines are also made in a cylinder form. 

The objection to glass machines is their liability to breais.t 
Mid the impossibility of making them work in damp weather, 
owing to the way in which moisture collects upon the glass. 

Plate machines, which do not suffer from these defects, arc 
sometimes conetractedofehnnite. 

At the Cavendish laboratory at Cambridge, an elaborule 
'machine for drying the air is erected in the electrical room. 

The Holtz MachincJ 
This machine n-orks not by friction, but by induction. 

• See pkge 22. 

t Wben > machine is placed near tbe 6re to (rarm it before me, it should 
bate the eilti:e nf it* plate turued to the fire, as the plato is then Uss liable to 
enek than il'pLiced with its side exposed to the lieut. 

t Thbobv op the Action of thb Holtz Machine. 

HoIIe innchiaea hafe been cunstructcd in & oyliudrical rorm. In thin cAtv 
the windows are at opposite sides of a tirculai' fiied cylinder, inside which thit 
KTolving ej Under tuni^. 

Tbe comb* *st ognin inside the moving cylinder. 

The ActioD of this machine is precisely the sanio as that of the plate form, 
and tbnngh it ia not a oiel'til machine fur practical purposea. we will use it to 
nplain the tbeorf , as the diagram we shall require is more easily druwn for 
it than for tlie pkte machine. 

The following expluaatiou of the actioa is due to M. Mascart : — 

Tbe tbeory of ihe muchine in its vnriom forms will be found very fnlly and 
cxcdleoUj discussed in his Eleelricili Slatique. T. ii. p. S7K 
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It conBist§ of two parallel circular glass plates placed near to each 
other (fig-. 3). One, D, which is solid, can be revolved rapidly by , 
means of a multiplying wheel; the other, D', is fixed, and has in 
it three holes; one circularj at the centre, to allow the axis of 
the revolving plate to pass through— and two openings, F G, 
called " windows," at opposite aides and ends of a diameter, 
usually horizontal. Fixed attliehorizonbiledgeaof these windows , 
are pieces of paper with somewhat hliint tongue-shaped points, ' 
aa,h h, projecting through the windows, eo as to lightly touch 
the revolving plate. Near the other side of the revolving plate and 
opposite to the windows are fixed metal "combs" connected re- 



spectively to the two discharging rods, between which the spnrk ' 
is obtained. 

To work the machine, one of the paper armatures is charged by J 
means of a piece of rubbed sealing-wax or a small friction machine, 
and the discharging rods, N N', P P', are placed in contact with i 
each other. After the machine has been set in motion {which 

The ojlindrical form of the machine being rt'p<«Bented by lig. 4 (in which 
tba outer ryliiider is not shown, hut only tbo paper armatnrea which it 
■apparts) let u« anppnae that the nrmatare A i<t chnr^d with ( — ) eleo- 
tncitj, that the morable oylindcr turna in the direction of the arrawa, »nd 
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nost be in sui-h a direction that the plutc travels towarA» tlie 
nijecting tonics), the discharging rods are separated, and a 



lliat tbe bolls P and N i 



» that Ibo cODduotor i 



t 
> 




Fig. *. 



cotiluct, I 
ooDtinaoaB; tliis conductor U 
dcatri6eil br imluclbn. 

If the anuature A is auffi- 
riently hl^fhly charged, the 
polnia A' will dUchai^ + elec- 
tcieitj upon the glass, and The 
poinU B' [— ) eiwtricitj- ; be- 
caiue tlie inducrd charges ore 
kttTkcted ibroagh the glass bj 
tbfl chained armatures. 

Tbeaune [jh^nomeron will he 
reproduced at least daring the 
Brat half-turn of the cylinder, 
for the portions of glass whioli 
biTC dfccived elcctricitj, move 
wraj rapidly nni permit the ioSuencc oC the nrmatitro A to be ngnin exerciaed 
m the oonduclor. 

At this moment the interior snrfai-e of the cvlinder can be itivided b; a 
}dane approxinatfly horizontal into two parts oppositely eleeliified; the 
upper one (— ) and Ibe lower (+). Tlieae electrified bodies ctititribute to 
JDcreaM the production of electricity by a neriea of reciprocal reactions. For, 
tbe ■ntiature B h by tlie inductiua of the two t<ides has ita baM B chai^d 
with (+) electricity, and its point h with (— ) elect rioity, which diwborges 
itself oil the ex'ei'ior lurfiice of the cylinder ; the name influence ia exerciaed 
the aecond armature, attliebiisu A of which, the negative charge increaseR, 
ill + electiicity escapeB by the point a. 

During the next liDlf-rotoIion, the difference of potential at the ends of the 

Inotor will be increased by the electrification of the second nrmature, the 

of charge of the first, and by the direct influence which i» eiercised 

the points by the electric charge on the aurfai'e of the moving cylinder. 

ilfoe wglert loas, the electrification ought to increuse in a geonietrioal pro- 

bnt the apparatus soon uttains its miimnm power, and the eleo- 

ificalion of dilTereiit portions of it l)eco[iies constant. 

~ if Iho cylinder are always + at Hie lower and — at the 

ipper part; but the plane of separation between the charges of opposite aigns 
borizoutat, 

Tba + flow which escnpes from the point A' enoroarhes on the negatire 
~ in becanne of the attraction which that portion exErcitei, and the 
of the lower portion. 

» this by Ihe form ufthe luuiinoui glow. 
If we neglect Ibe difference of propertiea between the two kinds of cloctri- 
Itinn. We see thut the two portions of opposite kinds, sprcnd on the interior 
of the cylinder, will be separated by a plane a j3, not parallel to the 
joining the points. In the sumo way the electricity which escapes from 
paper points will distribute itietf on the exterior surface of the cylinder 
two lonea separated by another plane a' ^. 



J 2 Ekdro-Stalics. 

elream of gpurks passes as long as the motion is continued, One 1 
1 olf gives ( + ) electricitv, and the other (— )- 

Fig. 5. This engraving represents a large Hollz muchine J 
made by Mr. Ladd, having 24 ebonite plates— 12 fixed, 12 revolv- I 
ing, each 2 ieet in diameter." It is enclosed iii a plate-glass case, I 
tiie air inside which is kept dry by pumice-stone and sulphuric I 
acid. The handle and the discharging rods are outside, so that \ 
the machine can he worked without opening the case. It c 




be worked either by hand or steam power. It is alivajs ri-'ady 
for use, and gives very fine effects. 

The Klectuopiiouus. Fig. 6. 
Among the various forms of this instrument, we will select 
- for description that made lor use with Sir William Thomson's 
electrometer. 

It oousiets of u circular plate of ebonite on a metal base, from 
which a brass pin comes through the ebonite and ends flush with 

* IticreaKlii}; the number of pUtes does not mach increwe the Uti^tb of 
the spark but greatlj increMea tbe qaantity of eleutricitj? produced. 
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its upper surface. A brass plate of the same size as the ebonite 
bas a glass handle fixed to its centre^ by means of which it cau 
be laid flat upon the ebonite. The ebonite is negatively charged 
by friction either with a catskin or 
silk handkerchief. The brass plate^ 
being laid upon it^ becomes charged 
by induction — the under side posi- 
tively, the upper negatively. The 
pin allows the (— ) electricity to 
escape to earth, the ( + ) being held 
by the attraction of the negatively 
charged ebonite ; and on removing 
the brass it will be found to be 
positively charged. An electro- 
phorus 2^ inches diameter will give 
about -^ in.- spark. 

A fresh charge can be obtained as often as the brass plate is 
lifted on and off the ebonite. 

When the instrument is made without an earthing pin, the top 
of the brass has to be touched by the finger each time, imme- 
diately before being lifted, in order to allow the negative 
electricity to escape. 




Fig 6. 
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CHAPTER III. 

QUANTITIES OP ELECTRICITY. 

We have stated that we only know electricity as a property of 
electrified bodies. 

We know that we can by certain means increase or diminish 
the electrification of any body. 

We have now to consider if the effects of such increase or 
diminution are the same as would have been produced if a quan- 
tity of a something which we call Electricity had been added to 
the body or taken from it. 

This is a matter of the greatest importance, for if such addition 
and subtraction were not possible, we should have no means of 
measuring electrostatic effects. 

"Electrification/^ or, as we shall now call it, ''Electricity," 
may be regarded as a quantity. That is, for instance : — If 
there be two bodies containing equal quantities of one kind of 
electricity, and the whole of the electricity in one be transferred {by 
any means) to the other, then the latter will contain twice the 
quantity of electricity which it contained before ; and similarly, 
if the electricity in a charged body be equally divided between it 
and one not previously electrified, the resulting charge of each 
will bo one half of that previously in the charged body. 

For purposes of calculation , elect ricUi/ of either kind may he 
treated precisely as if it was a material incompressiljle fluid. 

It, however, differs from a iluid in the fact that equal quantities 
of the two kinds neutralize each other, for we cannot conceive 
two material fluids such, that when they are mixed, both should 
disappear. 

The above does not in any way commit us to the idea that 
electricity is a substance. There are many other instiinces of 
quantities which are not substances. 
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No one, for instance, BU)>pose3 pi-essiire to be a substance, and 
yet nothing is easier than to add two pressures together. Two 
equal weights in a scnle-pau each produce their own pressure, 
and, when put in it together, produce a pressure double that pro- 
duct-d by either of tiiem. Two horses can move a cart too 
bcavy for one, because the pressures exerted by them are added 
together. 

Again, velocity is not a substance, bat it is a quantity. 

Fur purposeM of ealculaihn, anjf iacreate or Recreate vf tleclrifi- 
ealion may he cmiideretl to 6e prorliiced &y fie addition or hy ihe 
takinif away of a qHaufUy of iometlnng [which ice call electricity). 
Thit quantity can be abided or eidilraeted by the ordinary rules of 
algebra, and for the two Unds of eleclrijication hat reepectlvely a 
+ or — eiff'i. 

To perrorm any experiments on the addition and subtrac- 
tion of quantities of electricity, it is necessary that we should 
have some means of transferring the whole of the charge of 
electricity in a body, from it to another body. This cannot 
be done by merely placing the charged and uncharged boiiies 
in contact, for iu that caw the charge only divides between the 
two in a proportion depending on their relative sizes and shapes. 

Hollow CosDucroit. 
It has been foand by experiment that — 

If a kolloK doted conducting body be charged, hotcerer highly, 
Wmli electricilij, the whide of the charge it found upon the ouftide 
\auifaee, and none vhatever on the iniide. 

£rjieriiaen(. — Take a hollow metal globe, with a small opening 

pat the top, or, for rough crperiments, an ordinary tea canister. 

Let it be insulated hy being hung up by white* silk threads. 

Charge it as highly as possiblo by means of the electric machine. 

Hang up a small metal ball by a silk thread, and touch the 

outside of the canister with it. On removing the ball and holding 

it near tbo elcetroscope, it will he found to be charged in the 

' Bsme way as the canister. 

Now lower the charged ball down ia»!de the canister. Let 
tit touch the inside, and then be drawn out without touching the 
|e%e. 

• Colmired threads are soraetimee prepared with metallie Jjes, wliiili spoil 
I Uiair ioBnlatiiig power. 
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The hall will he found to he completely discharged. 

However highly we charge the hollow conductor, we shall 
still find that there is no indication whatever of a charge on its 
inside.* 

We now see how we can add together any number of charges. 

Discharge the hollow body. Let there be any number of small 
conductors of any shape, and charged with any quantities of 
4- or — electricity. Lower them by insulating threads into the 
hollow conductor, either one at a time, or several, or all together. 
Let them touch the inside, and draw them out without let- 
ting them touch the neck, and they will be found to be com- 
pletely discharged, and all the electricity that was in them 
will be found in one charge on the outer surface of the canister. 

Experiment, — Charge the suspended ball with 4- electricity, 
by holding it against the conductor of the electric machine. 
Lower it into the canister and let it touch the inside, the 
canister will now be feebly charged. On each repetition of the 
process, it will be found that the canister is more strongly charged. 
This is because the successive charges of the ball are added 
together on the canister. 

On introducing a small (— ) charge, the electrification of the 
canister will be observed to diminish. 

Total Quantity of Elkctricity puoduced by Induction. 

It can be proved mathematically that : — 

The total qnautify of electricity, of the opposite kind to its own, 
which a charged body inducea on neighhouring bodies is exactly 
equal to its own charge, 

Tiie following experiment illustrates this law : — 
Experitnent. — Connect the hollow conductor to the electro- 
scope, and, inside it, suspend a positively charged metal ball, but 
do not allow it to touch the canister. Negative electricity will be 
induced on the inside of the canister, and positive on the outside. 

The latter will cause a divergence of the gold leaves. 

Let the outside be now connected to earth for a moment 
by means of the finger or other conductor. 

• This will not be found to be Btricily true, close to the mouth of the 
canl&ter. The mathematical theory requires a closed hollow body. In 
experimenting we are obliged to leave an opening fur the introduction of 
the ball. 
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The leaves will collapse, sliowiiig that the positive electricity 
\ hiiB been removed. 

The negative charge is temporarily held on the inside of the 
\ canieter by the attroetion of the positively charged metal ball, 
J ond so produces no divergence of tlieleaves wtich are connected 
I to tbe outside. Now let the ball be removed. The negative 
I electricity ia set free, and at once goes to the ontside of the 
I canister, and the leaves diverge. 

We now have tbe hall cliarged with a certain quantity of 
I positive electricity, and the canister charged with the total 
I quantity of negative electricity, which that charge of posi- 
I live can induce. 

To show that these two charges are equal, we must add them 
I together, and the result will be zero, 

This may be done in two ways. Either we may allow the ball 
I to toiich the canister, or wc may lower ball and canister side 
kljr side into a larger canister, and let them touch it. 

/» either case all »igng 0/ elecirifiea/ion tcill ditappear, 

EqdAL Quantities op + and — always pRODuqEo, 
We stated in Chajiter I. that when electricity is generated by 
Inction, equal quantities of + and — are always produced. 
The following experiment illustrates this fact : — 
Etperimeni. — Place a large friction electric machine (fig. 2) 
on an insulating etool (i. e. a stool with glass legs), and connect 
the rubbers to the conductor by a wire. However rapidly the 
ihine is worked, it will not even cause a divergence of the 
iTee of an electroscope attached to the conductor." 

is because the negative electricity produced on the rubbers 
exactly neutralizes the positive produced on the glass, 

fl'e remember also that in Chapter I. we showed that the 
induced charge always consists of equal quantities of tbe two 
electricities. 

We can now state an important law : — 

If any »i/glem o/bodies, howeter large, not preriomly eUctriJied, 
tHtalated, then, whatever electrification be, hy any vteant, de- 
9ped in any of them, still, provided that no electricity enteri 
ltav«» the tyafem, (he algeitraic sum of the elect rificationa will 
remain serv. 
* The handle shoold be iniuiated rrom tbe hand bj a sbeet of indiarubber. 
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CHAPTER IV. 

blectkic pobob. 

Law of Electric Force. 

A VERY rough experiment will show us that if electrified bodies 
are some way apart, they will not attract or repel each other so 
strongly as if they are close together. In other words, when we 
increase the distance we diminish the force. We are now going 
to consider at what rate the force diminishes as the distance 
increases — whether it diminishes at the same rate as that at which 
the distance increases, or at a faster or a slower rate. 

Coulomb investigated this question experimentally by means 
of tlie torsion balance* which he invented for the purpose, and 
he proved the following law : — 

The force of attraction or repulsion between two electrified bodies ^ 
whose sizes are very small in comparison with their distance aparty 
varies inversely as the square of their distance apart ; that is to 
say, if the repulsion at a certain distance were equal to unity, 
then at double the distance the repulsion would be one quarter, 
at three times the distance it would be one ninth, at four times 
one sixteenth, and so on. 

Indirect Proof. 

It can also be proved mathematically that this law is the only 
one consistent with the fact that there is no electricity inside a 
hollow conductor. 

Now as our means of detecting electrification are far more 
delicate than those for measuring electric forces, the fact of the 
non-electrification of the inside of a conductor gives a more 
accurate proof of the law of force than any direct measurement 
can do. 

• See p. 33. 
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Cavendish* in 1771-81, ehoneil by this means that the luw 
of the inverse sqiiures must he accurate to within i^th part, and 
our modem electrometers show that it is accurate to within 1 
part in 72,000. 

FOECB DEVENUS ON CUABGES. 

The force between two electrified bodies dependii ou the 
charges of electricity on each, as well as on their distance 
apart. If the one body is charged with a quantity of electricity 
called e units of electricity, and the other body with one unit, 
then, when the bodies are at any fixed distance, say one centi- 
metre, from each other, the force between tliem ia found to be 
proportional to e, the charge on the first body. 

It is also found that, if the second body be charged with two 
units of electricity, the force will be proportional to 2e (twice e) ; 
if withtbree units, 3c, etc. Now, suppose it is charged with any 
number of units, and let us call that number i^ , the force will be 
proportional to e e' {e multiplied by e'), or lie force bttteee^ two 
amatl eUclrififd iodiet one ccniimetrc apart it proporfional to the 
jtrctiuel of their charges. 

The units are so chosen that the force is actually equal to this 
product, when the distance is one centimetre. 

And by Coulomb's law it will at any other distance he 
tmal to the pr^daeC of the charge* dirideii by the square tf the 
diatance. 

If we write this symbolically, we say that the repulsive force 
Wtween two email spheres separated by a distance r (which is 
great when compared with the radii of the spheres] ,t and charged 

respectivelj- with e and ^ units of electricity, is equal to — j-. 

We sec that, when the charges are of similar sign, the expression 
for the force will be ( + ) ; and when they are of different signs 
there will be a (— ) repulsion — i.e., an attraction. This exprcsees 
the fact that similar electricities repel, and unlike attract. 
Physical Nature of Electhio Force. 
The phenomena of electric attraction and repulsion, as well as 
" 7a« Elfclrieat Sttearehet of Ihs Son. Hrnm Cavendith, F.R.S. 
Edited by J. Clerk Blaiwi'll. F.R.S. C-mbridge, 1879. Art 217. 

t" When tbi« i> nut the cast, the iudnctive sctloii of the tno spbrres oa each 
'olfan- u diitturbi the distribution of the electricitj on tbem as to altw tbs 
'■ItRetion. 
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those of induction^ show us that the influence of a body charg^ed 
with electricity extends for a considerable distance all round it, 
for it can act on bodies at a distance from it. 

The question, '^ How is this action conveyed across the inter- 
mediate space ? " is the most important in all electrical science. 
If we could answer it completely we should probably be able to 
comprehend the physical nature of electricity itself. 

To say that the effects are due to a '' direct action at a 
distance ^^ is really only re-stating the question. 

Although the hypothesis of *' direct action at a distance '^ is a 
convenient one for mathematical calculation, it conveys absolutely 
no physical meaning to our minds at all. 

We are at once met with the further question, '' What is the 
nature of this direct action ? " " How is it transmitted ? ^' 

We at once endeavour to imagine of what the connecting link 
between the attracting bodies is composed. The hypothesis of 
direct action at a distance assumes that it is not composed of 
matter, and we have at least a difficulty in conceiving of a link, 
strong enough to move material bodies, composed of anything 
else. 

A Medium necessary. 

There is no doubt that there must be some physical and material 
connecting link whenever electrical action of any kind is trans- 
mitted from one body to another. 

The only manner in which we can in any way account for the 
observed facts of attraction, repulsion, and induction, is by as- 
suming that the forces are transmUteil hi/ a strain* or distortion of 
the medium which f Us the space between the electrified bodies. 

We have seen that electric forces act through air, glass, and 
all other insulators, and we have every reason to believe that the 
forces are transmitted through them by a strain or distortion of 
their particles. 

* The word ** strain " is in physics defined to mean " an alteration of size or 
shape." Any alteration of size or shape whatever is called a strain. The word 
includes compression and extension — as, for instance, that of a piece of stretched 
india-rubher where the lenj^th increases and the breadth diminishes. It 
includes all alterations of volume, as compression or expansion of a gas, all 
twisting and bendings, and all vibmtory motions other than those cf a rigid 
body as a whole. 

It does not include the force producing the alteration of size or shape. 
A force which produces a strain is called a " stress." 
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Numerous .ii^uments in favourof Ihis lijpolhesia will be given 



ftter on id this book. 

When a weight has to be moved by pushiog it with a pole or 
pulling it bv a cord, the mecbanical action is transmitted in a 
very eimilar way, for the portion of the pole or rojje nearest 
the hiind is strained by beio{> compressed or stretched. Then, 
aa it recovers its shape, the strnin is transmitted to the next 
portion, and passes on until it and the force reach the body. 

The transmission of strain may be very beautifully seen at 
any railway station where shunting is going on, if a train of car- 
riages is being jiaslied by an engine which happens, instead of 
piving a stfiidy pressure, to strike a slight blow on the carriage 
!are«t to it. 

The furthest carriage does not at once move, but the buffer- 
Bprings of the first are compressed — that is, the first carriage 
is for an instant "strained" by having its tolal length, from 
buBer to buffer, shortened by some inches. 

It instantly recovers from this strain, by the expansion of 
the springs ; but as it cannot expand towai-ds the engine, it 
expands away from it, and transmits the strain to the next car- 
riage by compressing its bufler-springs, aud the process is re- 
peated till the force is transmitted all the way from the engine 
to the carriage furthest from it. 

I In this case of transmission of mechanical force, the strain is 
\ siinplo compression and expansion, but in the case of the 
Tieal forces we have no means of knowing its exact nature; 
It is probably a much more complicated phenomenon. 

TllB Etheh, 

! In addition to being transmitted through air, glass, and other 
mlstors, it is found that the electric forces are transmitted, not 
pljr across the best vacua we have as yet been able to pro- 
! artJRcially, but certainly also across the inter-planetary 



\ There is no doubt that the earth is affected by electrical pbeno- 

a occurring in the snn." 
I Now we know that in these spaces there is no matter such as 
J commonly cognizant of, and we must therefore suppose 

• See CbaplM XVI. 
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them to be filled with matter in an excessively attenuated 
state. 

We call this matter ^^ Ether y' and suppose it to be a fluid many 
million times thinner than air^ and having very great elasticity. 

In the fourth part of this work we shall endeavour to show that 
this ether is the same medium which conveys the light and heat 
from the sun to the earth — that is^ that Lights Radiant Heat, 
Electric and Magnetic Induction are all different disturbances of 
the same ether-sea. 

We must consider that this medium transmits electric forces, 
but does not in general exhibit electrical properties of its own. 

We must consider the ether all round a charged body to be in 
a strained state ; but we know that no electrical properties are 
exhibited at any point near the charged body, until a portion of 
ordinary matter is placed at that point, and then the matter 
receives electrical properties from the medium immediately sur- 
rounding it. 

The strength of these electrical properties depends on the 
amount of strain of the medium at the point. 

We may, if we choose, consider that the ether permeates all 
bodies. 

We shall presently show that electric forces are transmitted 
through different insulators with different strengths. 

We may either consider that electric forces are transmitted 
through ordinary bodies by strains of their particles, and only 
through so-called empty space by strains of the ether; or we 
may say that all electric forces are transmitted by strains of the 
ether, but that the ether in different insulators is modified in 
some way which will account lor the difference of transmission. 

As we have as yet no experimental means of comparing the 
merits of these two hypotheses, we may adopt whichever seems 
most convenient for purposes of calculation. On the whole I 
think the latter is the most useful. 

Pointed Conductob. 

Erperimeni — Fix a fine metal point to the conductor of the 
electric machine and work the machine. 

It will be impossible to collect any appreciable charge on the 
conductor, the electricity all escapes by the point. 
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EXILANATION* 

Let M P N, fig. 7, be a section of a pointed charged conductor, 
and let us consider the forces tending respectively to drive off a 
unit of electricity from a position S on the side of the conductor, 
and from its point P. 

The electricity on the side M P has no effect in tending to 
cause an escape of electricity from S, for no part of it can act on 
S in a direction perpendicular to the surface, M P. Such por- 
tion of the electricity on the side N P as is moderately near to 
S will act on it. In fig. 7 we see that there is no electrified 




FIG . 7 



surface within a distance of 1 or 2 of S, a very small por- 
tion within a distance 3, and a portion A B within a distance 4, 
TTe see that, as the force diminishes as the square of the distance. 
there is only a very small force acting on S, and even that acts 
at such an angle to the surface M P that only a small fraction of 
it acts perpendicular to M P ; and further, when, instead of a 
section of the pointed conductor, we consider the whole of it, we 
shall find that, as we get neaicr to S, the electricity always acts 
more diagonally upon it. 

Upon P, on the contrary, there is electricity acting at all the 
distances from zero to 4 and further; and it all acts almost 
directly in the direction tending to drive off electricity from the 
point P; and this is still the case when we consider the whole 
conductor instead of the section. 

There will therefore be a very much greater force tending to 
drive electricity from a point than from any other portion of a 
conductor. 

Lightning Coxductors. 

The same reasoning holds if the air is the charged body and 
the metal the way of escape, for in the above experiment we 

* The following proof is dae to Mr. W. E. AyrtoD. 
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have no means of knowing whether the diminution of the electri- 
fication of the pointed conductor is due to a loss of one kind of 
electrification or to a gain of the other kind. 

This is the reason why lightning conductors are made pointed. 
The force at their ends is very great, and therefore the elec- 
tricity of the air is quietly carried away to the ground. At 
first most conductors were made with knobs. Then the electricity 
accumulated at the surface until the electric force w^as sufficiently 
great to cause a spark. It was held that the knobs must be the 
most efficacious, because the lightning was seen to strike them, 
and never struck the points. The fact that a point prevents the 
lightning from ever striking at all was not known. 



CHAPTER V. 

DENSITY. 

Thk more intense the electrification of a body, the greater the 
electric force, and the greater the tendency of the electricity to 
escape to surrounding objects. 

The intensity of the electrification at any point of a body or 
a surface is called the Electric detmfy at that point. 

The charge of a body is the quantity of electricity in it. 

The volume den^ili/ at any point of a body, when the density 
is uniform, is the charge or quantity of electricity in each cubic 
centimetre of volume. 

When the density is not uniform, the volume density at any 
point is equal to the quantity of electricity which there would 
have been in the cubic centimetre surrounding the point, if the 
density at every point of that cubic centimetre had been the 
same as that at the given point. 

The surface detmfif at any iK)int of a surface, when the density 
is uniform, is the quantity of electricity on each square centi- 
metre of surface. 

When the density is not uniform, the surface density at any 
point is equal to the quantity of electricity which there would 
have been in the square centimetre surrounding the point if the 
density at every point of that square centimetre had been the 
same as that at the given point. 

The force with which the electricity endeavours to escape from 
any particular portion of a surface increases with the density at 
that portion of the surface. 
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CHAPTER VT. 



POTEXTIAL.* 



Defixitioxs. — Whenever electricity moves, or tends to move, 
from one place to another, there is said to be a " Difference of 
Potential '^ between those two places. 

The place //'o/;* which positive electricity tends to move is Kiid 
to be of hijyrher potential than the other. 

Suppose a quantity of electricity to flow from the one point to 
the other, then the " Difference of Potential ," or as if is also called 
the " Electromotive Force/^ beticcen those points is a quantity which 
expresses the amount of work which each unit of the electricity 
could do on its jour net/, if it were all utilized by being passed 
thronrjh some perfect machine of which it formed the motive 
power. 

Difference of potential is calculated as follows : — 
Let a unit of electricity be forced Irom the one place to the 
other, in the opposite direction to that in which the electric forces 
tend to move it; *' Mechanical Work'' will have to be done on it 
by a man, a steain-en<^ine, or other source of power. 

The difference of potential between any two points is defined to he 
vumericallt/ equal to the amount of work required to force a unit of 
elect ricitt/ from the one point to the other y in the direction opposed 
to that in which it tend a to move. 

The expression " Potential at a Point*' is an abbreviation for 
" Diirerence of Potential between the point and the Karth.'' The 
potential of the Earth is taken as the standard, and is colled 
zero. 

Jn the same way the expression ^' height of a roof is an 
abbreviation for '* diflerence of height between tlie roof and the 

* The definitions and statements given in this chapter apply to staticnl 
electricity. In their application to voltaic electricity, certain limitations 
have to be introduced which will be noted in their proper place. 



Potential. 27 

surface of tie earth/' The height of the earth's surface is taken 
as the standard and called zero * 

Very low potentials^ that is potentials much lower than that 
of the earthy are sometimes called high negative potentials. 

We know that similarly charged bodies repel each other — that 
is^ that electricity has a tendency to move from points near a 
charged body of similar sign to points further off. 

We therefore say that points near a charged body are of nume^ 
rically higher potential than points further off. 

When we know the charge of the body, the distance of each 
of any two points from it, and the law of Ibrce, we can calculate 
the difference of potential between those points by means of the 
Integral Calculus.f 

The result of the calculation is, that if e be the charge of the 
inducing body, r| and r, the respective distances of the points 
from its centre, we shall ha^ 

Difference of Potential = - — -. 

r, r. 

If one of the points r, is on the earth, then - is the potential 

of the earth, and the '' Difference of Potential '^ between the other 

(fi) and the eartli is -, and we have agreed to call this the 

^\ 

'^ Potential at r,,'' and we write it \^ . 

It can be shown mathematically that the potential at any point 

• A roof 100 feet above the ground.is thus said to be 100 feet hij^h, hut if 
we bad taken the centre of the eailh for our standard, we should with equal 
correctness have said that the roof was ahout 40(X) miles high. 

t Let V be the potential, e the charge, r,, r, the distances respectively, we 

have (remembering that the attraction = — - ), 

It 

When one of the points is on the earth, we assume 

1 = 0. 

or that the potential of the earth is zero, which givi^ 
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dne to two or more charged bodies is the algebraic sum of tie 
potentials due to each* 

If two conductors, which are of different potential, be connected 
by a wire or other conductor, electricity will flow from one to the 
other as long^ as the potentials continue to differ.f 

If, iy the expenditure of work, the difference of potentials is kept 
up, the flow may continue indefinitely ; but if no work is ex- 
pended, nil parts of the conductor instantly reach the same 
potential ; and we may state that — 

All portions of a conductor of any one materialy subject only to 
statical forces y are always at the same potential. 

For, by definition, a conductor is a body in which electricity 
can obey any tendency to move, and, in a conductor, electricity 
goes on moving from places of high to places of low potential, 
until tlicre is no longer any tendency to move — that is, until all 
the conductor is at the same potential; and this adjustment takes 
place in an extremely small fraction of a second. 

Electro-Statics and Electro-Kinetics. 

As long as a flow of electricity continues, and is kept up by the 
expenditure of work, the conductor has properties different from 
those of a simple electrified body. That branch of electrical 
science which treats of the properties of simple electrified bodies 
is called ElecirO'SfaticSy because in them the electricity is supposed 
to be at rest; and that branch which treats of the flow of elec- 
tricity is called Electro-K'nuiics, See Part III. 

Equipotextial Points, Lines, and Strfaces. 

Points whose potentials are equal are called " Equipotential 
Points.^' If a series of such poiuts form a line, it is called an 
'* Equipotentinl Line.'^ If the potential at every point on a 
surface is equal, it is called an Equipotential Surface. 

EC^UIPOTENTIAL SURFACES. 

The potential due to a charged body has its greatest numerical 
value at the bodv itself, and diminishes in all directions. 

* For the potential is calculated from the force acting, and when two 
or more forces act at once, their eflect is the Kum of the eiii'cts due to each. 

f The two conductors bein<^ of the same metal and at the same temperature. 
(See Chapter XLII.) 
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Let UB take some given point near any «ne body where the 
potential has a certain value. There will, in generwl, be a number 
of other points where it has the same vulue. If, for instance, our 
first point is to the right of* the body, there will probubly be a 
point of the same potenUal at a certain distanee on the lelt hand 
of it, and others above and below, &c. 

In general there will be an infinite number of points of the 
■sme potential situated all round the charged body. 

Let ns imagine a surface to be drawn through all the 
points whose potential has some particular value. It will form a 
dosed surface all round the body. 

Such a surface or shell is called an " Equipot«iitiaI Surface," 
because at all points of it the potential is equal. 

Now, if we construct several such surfaces for different values 
f>rthe potential, we shall have a series of shells, each enclosing 
the one corresponding to the next higher numerical value of the 
potential. 

Whi'n there is only one electrified body, and that a sphere 
oniformly electrified, the equipotential surfaces become a series 
f of hollow spheres, whose common centre ia the centre of the 
[ «lectriHed iKwly. 

Wheu there is more than one electrified body, or when it i» not 
\ spherical, the sur^ces are of less simple form. 

]%tre is no force tending to Toove electricity from one poHton of 
I oyr e^uipotcntial anrfaee to any other portion of the same surface ; 
I a«? a charged Itody can be moved from any o«e point ok it to any 
piier without the expenditure of ait g work at all. 

For whenever there is a tendency to move, there is, by defini- 
I tion, ■diflfcrcnee of potential; and whenever work has to beex- 
I itwnded to move a ehargid body, there is, by definition, a diSereuce 
r l)T potential. In the case of an e(|uipotenttal surface there is no 
difference of potential, and, tlierefore, no tendency to move and 
[ DO work expended. 

The surface of every conductor of any one material, acted on 
J)uly by statical forces, forms an equipotential surface.* 
Link ov Foeck. 
Defittitioti.: — The line of Force at any point is the direction in 
which a charged body placed at that point tends to move. 
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The line of force at any point is always perpendicular to the 
equipofenlial surface passing t trough that point. 

For, if the dii-ection of the force is inclined to the surface, the 
force may be resolved into two — one perpendicular to the surface, 
and one along it. But we have just shown that the force along 
the surface is zero, and therefore the whole of the force is pre- 
pendicular to the surface. 

Relation between Potential and Force. 

It can be proved mathematically that — 

The force at any point in any direction is equal to the rate at 
which the potential begins to change, as we begin to leave that point 
in the given direction* 

Potential and Charge. 

The electrifications of diiferent parts of the same conductor, 
when acted on by inductive forces, may be very different, but the 
potential of every part of it will still be the same. 

Thus, if a conductor (A) be placed on an insulating stand, near 
an electric machine (as on page 6), electroscopes placed at its 
two ends will diverge with opposite charges, while one placed at 
the middle would not diverge at all. But if an electroscope be 
placed at a distance, and a wire brought from it to the con- 
ductor (A), then the divergence of the electroscope will depend 
only on the potential to which the conductor (A) has been raised 
by the induction of the machine, and will be exactly the some at 
whatever point of the conductor (A) the wire is attached. Hence 
an electroscope, protected from direct action,t and attached to any 
conductor by a wire, measures the potential of that conductor. 

* For rate of cbimjje it* Let /be the force; we have by definitioii 

V = / / dr H- C. whence ^^ = /. 
t St>e pa;;e 5 (Metal Screens). 
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ELECTROMLTERS. 

Elbctbometers and Electroscopes are instruments for measurin<]^ 
the strengths of the attractions and repulsions between electrified 
bodies. 

By measuring* tlie force of repulsion between two charged bodies 
at different distances^ Coulomb established the law according 
to which electric force diminishes with the distance. (Page 18.) 

By means of a suitable electrometer we can also measure the 
potential of a charged body, or that of any point in its neigh- 
bourhood. (See preceding page.) 

The two earliest types of electrometers were Cavendish's and 
Laae*8. 

Cavendishes Electrometer* 

This was invented between 1771 and 1781, and 
consists of two pith balls hung, touching each other, 
by two linen threads. When similarly electrified, 
they repel each other, and diverge more or less 
according to the strength of the electrification. 

Lane's ELECTROMETER.t 

Fig. 8 is copied from the Phil, Trans, lll'l, A 
wooden stem C is mounted in a metal socket, whi(!h 
can be screwed into the conductor whose electrifica- 
tion is to be measured. A pith ball, fixed to a straw 
stem A, hangs from a pivot at the centre of a 

''»•«• divided semi-circle B. 

Electricity is communicated from the metal socket to the ball, 

• Cavendish's Efectrical Researches, edited by J. Clerk Maxwell, F.R.S. 
Camb. Univ. Press, 1879. Art 211. 
t Ibid., Art 559. 
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whiub is repelled. The number of degrees over which the straw 
passes gives u rough idea of the strength of the electrification. 

The Gold-leap Electboscopb. 

The gold-leaf elecfroicope (fig. 9) consiiste of two strips of gold 
leaf, which io a. large iustrument may be 4 inches long and 1 
inch widcj hung together by their upper ends to a metal rod. This 
rod is fixed tlirough a hole in the top of a glass shade, insidu 




which the gold leaves hang. The upper end of the rod terminates 
in a Hat brass plate. 

Wlien au electrified body is placed on the plate, a portion of 
the electricity passes to the gold leaves, and charging them both 
with the same kind of electricity, causes them in repel each other 
and diverge aa shown in fig. 9. 

Owing to the lightness of gold leaf, this is a sensitive iustru- 
ment for detecting the presence of small quantities of electricity. 



The Torsion Balance. 



Inch, fr 



Coclomb's Toksiox Bai.aj>-cb. — Plate I. 
it^reattiDprrtvement inelectrometeiB was moilc W Ojii- 
[1, aboat 1785, pablislwd an account of an electrometer 
Dm the principle ofite construrtion, is called the " Tor- 



tiom Jtalamev." 
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The loniom exerted bv a thread, suspended vertically, \b the 
ferc« tending to tvrist the lower eitremity, when the upper ex- 
lity is turned through an an^le. 
If a weight be suspended by a piece of string, and the upper 
t>( the string twisted between the liuger and thumb, the 
weight will b^iii to revolve. 

Il" the weight is prevented from revulriug by the fingers of the 

other bund, a certain force will have to be exerted to stop it. 

This force is equal in amount, bnt opposite indirection, to the fierce 

exerteil by the torsion of the thread. The amount of force called 

into play by turning the top of the thread through a certain angle 

depends on the thickness and length of the thread ood the weight 

EDspended from it. It is ubvious that, by making the thread long 

and thin and the weight email, a very large angle of twist cati be 

rise a very small furve. 

Iq Coulomb's torsion apparatus (Plate I.) a very long tine 

is euspended In a vertical tube. At the top of the tube is 

borizonlul circle divided into degrees called the torsion circle, 

ich can be turned by means of a short vertical rod fixed to 

through its centre. A {winter, or in delicate instruments a 

ier, fixed to the tube shows the position of the circle. The 

is attached to the vertical rod passing through the circle. 

ling the rod twists the top of the thread through aa angle 

is shown by the vernier. 

If a greater angle than 3(iU^ is refjuircd, the circle must 

tamed more than once round, and a record of the number of 

IS kepL At the bottom of the thread is attached a light rod, 

liy a stout straw, arranged so as to hang in a horizontal 

ItioD. At one end is a ball of pith, gilt. Tiiis gives a sphe- 

couducting surface with very little weight. It is halaueed 

another ball at tbe other end of the straw. The vertical 

ibe, carrying the circle, stands on a horizontal glass plate, 

which has a hole in it to allow the thread to pass through, 

and forms the lid of the lower part of tJie case. Thl^ lower 
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part is large enough to allow the horizontal arm to swing freely. 
On the top plate is engraved a circle divided into degrees : the 
base consists of a piece of looking-glass. At one part of the 
top plate, at a distance from the centre equal to the radius of 
the straw arm, is a hole through which another gilt pith ball 
fixed to a vertical stem can be put. 

The position of the suspended straw can be observed by means 
of the engraved circle. The observer, looking down, moves his 
eye until a division of the circle, the straw, and the reflection of the 
same division in the looking-glass, are all in the same straight line. 

To use the instrument the fixed pith ball is removed, and the 
torsion circle turned till the suspended pith ball occupies exactly 
the position formerly occupied by the fixed one. When it has 
come to rest in this position there is no torsion, and the reading 
of the torsion circle is taken as the zero. The fixed pith ball is 
then electrified and put in position, pushing the suspended ball 
to one side, and at the same time communicating half its charge to 
it. The balls now repel each other, and if the length and thickness 
of the thread and the strength of the charge have been properly 
adjusted, the suspended arm should turn through from 30° to 45°. 

The position of the straw is noted, and the torsion circle is 
turned so as to force the balls towards each other, until the straw 
pointer has moved through an angle equal to one division of the 
engraved circle. The number of degrees through which the torsion 
circle has been turned is then noted, and the process is repeated 
for several divisions until the balls are forced rather near together. 
A table can then he formed showing the force of repuhion correspond^ 
ing to each decrement of distance ^ for the force overcome in each 
case is simply proportional to the number of degrees through 
which the torsion circle has been turned. 

A slight modification of the arrangements will enable the 
force of attraction to be measured when the two balls are oppo- 
sitely electrified. 

The Torsion Balance is not at all an easy instrument to use ; 
it is not very delicate, nor is it accurate enough for modern re- 
quirements. Its great defect is that the whole electrical force 
in it is that due to the electrification to be measured, which we 
remember is divided between the fixed and moving balls. When, 
as is often the case, the electrification is very small, the balance 
shows a corresponding want of sensibility. 
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The problem to b? solved for tlio improvement of eWtrometers 
WM» to obtain a considerable force for a very small quantity of 
eWt rid cation. Now we knoir that at any given distince the 
force between two charged bodies is directly as the prodnct of 
their electrifications, so that, if we double the charge of one 
and halve that of the other, we should still have the same force. 

To practically take advantage of this fact in the torsion balance, 
n-e should have to give the sphere attached to the sus^iended arm 
a high and constant charge. The force between it and the fixed 
sphere would then be considerable, even when the charge of the 
fixed sphere was very small, and would be simply proportional to 
that charge, whatever it might be. 

This armngement cannot be carried out in Coulomb's form of 
the torsion balance, but is the basis of Sir W. Thomson's beautiful 
quadrant electrometers, which we will now describe in some detail * 

SlK. "WlLLUM TuoaSOH's QUADRANT ElBCTEOHKTEBS. 

The principle on which the quadrant electrometers are con- 
strncted is as follows : — 

A metal needle, made of aluminium for lightness, and of the 
shape NN (lig. lU^, is suspended so that it can turn in a hori- 
zontal plane like a compass needle. 

1 needle is highly charged and, in order to replace the 
dectricity lost by actual leakage, 
I connected to a Leyden jar. 
We shall describe the Leyden jar 
later (page 61); but it is snlE- 
cient for our present purpose to 
^^^H know that it is a kind of reservoir, 
^^^H in which a large quantity of 
^^^^B electricity can be stored up. The fis- i<f- 

^^^H needle is suspended by an ar- 

^^^H langemcnt analogous to a torsion thread, which tends to bring 
^^^^A- it hack lo zero after it has been displaced, and immediutely below f 
^^^Btlie needle are four metal quadrants placed horizontally, as in 

t 



» 




• Etporl on EUctroiHetert and Elcclro-ttatic Mea. 
I Thonunn, F.B.S. P-ij-trt on EUctrotlatitt and Majne/itt 
\ llBcmilUii, 1972. 

t In &g. 10 the BOfdle ii placed betweea the quadrants for i 
I its ml pmiliDD is that of &g. II. 



, Sir W-n. 
, pnge 260. 
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fig. U. Eucli is insulated From the one next it, but connected to 
the one diagonally opposite to it, as shown in fig. 10. 

Now, suppose the needle to have a charge of { + ) electricity. 
Let the unshaded quadrants be connected to earth, and the shaded 
ones, by means of the wive 4, fig. 10, with the conductor whose 
electrification is to be measured. Klectricity then Hows from the 
charged conductor to the shaded quadrants until they are of the 
same potential as itsi'lF. 

The direction of the de- 
flection itt once shows 
whether the electrification 
under examination is (+)or 
( — ), for we see that if it is 
( + ) the ends of the needle 
will be repelled by the 
shaded quadrants (fig. 10), 
and the deflection will be 
to the left, while if it is 
( — ) they will be attracted, 
and the deflection will be to 
the right. If the potential 
is high— that is, if the 
body under examination be 
strongly electrified — the de- 
flection will be large; if the 
Fifci. 11. uciuTB Mudoi. potential is low, it will be 

smaller. 
I/lhecharge oftheneeilU be always eoHsUt'U, the dellection wi[(>: 
be always the same for the same potential ; and if a body baa 
l>ecn charged to a given potential one day, it can be brought to 
the same potential any other day, by attaching it to the electro- 
meter, and varying its charge till the defiectton is the same as it 
was before. 

If the shaded quadrants are charged positively and the un- 
shaded negatively, the action of all four quadrants will be to 
turn the needle to the left, and the deflection would be that due 
to the numerical sum of the potentials of the two opposite elec- 
trifications — that is, to their algebraic diffei-ence. 

The apparatus can be used for adjusting two potentials to 
equality; for if two similarly electrified bodies be attached to' 




J 
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the shaded and unaliaded qutidrants regpectively, they will tend 
to turn the needle opposite ways, and the deflection will depend 
on ilieir difference of potential. If now one of tlie clectrificatioDa 
be vaiied till there is no dcHection, we shuU know that the 
potentials have been adjusted to exaet equality. The eleetro- 
meter is perhaps more u$e<l for this than for any other purpose. 

This Dii'thod of working is called the " zero method." 
PiiACTiuAL Forms op thb Electrombteb. 

The instTTiment shown in fig. 11 is only a leeture model. 



I known 



> the 



The simplest form thiit is used for real work i 
" Elliott-patter a Thomson Electrometer." • 

Thk Elliott-pattehn Electrometer. 

This instrument is represented in fig. 12 ; it differs from the 
lecture model in that its metal 
quadrants are quarters, not of a 
diec, but of a kind of "pill- 
box," inside which the needle 
hangs. Both sides of the needle 
are thus acted upon. 

The Leyden jav is placed at 
the bottom of the instrument. 
It contains strong sulphuric 
ooid, flnd the connection be- 
tween it and the needle is made 
by a platinum wire attached to 
the DL-edle and dipping into the 
acid. The acid, by its affinity 
for moisture, keeps the inside 
of the apparatus always dry, t 

Three metal rods project from the instrument. Two (seen on 
the right) are connected respectively to the two pairs oF quadrants, 
and the third (seen in the front of the figure) ean be connected to 
the needle when it is desired to charge it with electricity. 

The needle is suspended by what is called a " bifilar snspen- 
rion " — that is, it is hnng by two fine silk threads, side by side, 

• It i» made bj Me«n, Elliott Bros., of London. 

t When the iiutranient is in ii»e the acid must be watched, bb it \% npt «o 
lo tncrraiie in qauitity bj the absorption of ii.oi»turB b« to overllpw tbe jar 
B[I«r B feir wv^ks. 
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and about ^^r '"^cli apart. Alter the needle has been displaced From 
its position of rest, these threads always tend to brins it bauk. 

The position of the needle tan be adjusted by turning the head 
at the top of the glass tase to which the threads arc attached. 

The instrument, when in use, is eoverfid by a wire cage con- 
nected to earth, to protect the quadrants from the induction of 
neig^libouriDg charged bodies,* 

The Elliott- pat tern is extremely sensitive as an electro«(^^«. 

It is, I think, the best pattern to use for all that large and 
important class of investigations where two potentials have to 
be adjusted to oqiialilv by the zero method (page 37); but as there 
are no means of ascertaining the charge of the needle, or of keeping' 
it constant, it is useless for experiments where potentials have to 
be measured by observations of the amount of the deflection. 



The Lamp, Scale, and Miriior. 

To detect and measure small angular deflections of a needle, a 
long pointer is necessary ; but, if a long material pointer were 
attached to the needle, its weight would destroy the sensitiveness 
of the instrument. 

Sir Wm. Thomson has therefore arranged a method by which a 
beam of light is made to act as a pointer of any length, and abso- 
lutely without weight. 

A circular mirror, about \ of an inch in diameter, is rigidly 
attached to the needle by a strip of platinum, which projects up 
above the quadrants. 

A lamp and scale, of which the baekj 
^ (that is, the side furthest from the e1«o-'V 
trometer) is shown in fig, 13, is plaeedll 
oil the table about two feet from Qte I 
instrument. The light passes throng^h I 
a small opening in the lower part of* 
the scale, fulls on the mirror, and is re- 
flected on to the upper part, making a 
spot of light. The least motion of the 
needlb and mirror, of course, moves the 
8|iot along the scale. The distance 
equal to that which would have been 
• Page 6. 




which it moves is < 




Pure 11. — trousok'b 




Plats III. — stmnx of thoiuon's quadbint elictroicsto. 
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traversed by the end of a pointer whose raJiuB was double the 
distance from the mirror to the scale. 

The aperture through which the light passes is sometimes u 
vertical slit, sometimes a round hole, with or without a vertical 
wire etretebed across it. 

Sometimes the mirror is plane, and the light is brought to a 
focus on the scale by means of a lens. Sometimes the mirror is 
concave, and the lens is dispensed with. 

When the slit is used, the moving image is a vertical line of 
light ; when the hole is used, it is n bright disc crossed by a fine 
vertical black line, the image of the wire. 

The scale is usually divided into millims., and printed blauk on 
white glazed paper. 

In usinga tlat-wickedparaSin-lamp, the wick should be placed 
•' edgeways" — that is, at right angles to the scale. 



White's Pattebn. — Plates II. and III. 

This is the most etaboratc form of the Thomson quadrant 
electrometer, and is made by White of Glasgow, 

The chief requirements of an instrument designed for actual 
)f potentials, and observations of deflection, 



(1) A means of testing the constancy of the electrification of 
the suspended needle, and a method of Adjusting this electrifica- 
tion very accurately — that is, of increasing or diminishing it by a 
very small amount. 

(2) A method of varying the directive force tending to make 
the needle return to its position of rest, and a certainty 'that, to 
whatever value this may be adjusted, it will remain constant. 

(3) A very accurate method of measuring the deflection of the 
needle. 

We shall shortly see how all these requirements are satisfied, 
Plate II. shows the apparatus in perspective, Plate III. in 

The body of the inslrumentconsistsof an inverted glass shade, 

Empportcd on three legs furnished with levelling screws. The 

I onteide of this is coated with tinfoil, and the inside is partly filled 

■ with strong, pure sulphuric acid. This, being a conductor, forms 

theinner coating necessary to make the glass shade act as a 
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I^jdeo jar.* Openings are left in the ont«r coating of tinl 
where necessan', to allow the interior works to W **en. 

Tlie ose of the salphurie acid U todrr the working part* ini 
the csae, as in the Elliott pattern. On the top of the glaa 



-.*•-- 



L*-^ 



■i^ 



flut mttul cover, ivhieh we ghall in future call the "main cover." 
On the main cover is a lantern-shaped erection oF brass vnth ^ 
Hut glass Front. In future we will call this tlie "lantern," 

From nt-ar ttie top of the lantern is suspended the needle, which ' 
hangs below the main cover. The quadrants form a bos, and 
vomiiletely enclose the needle, as in the Elliott pattern, but are 
much smaller. In order to connect the needle with the inner 
conting of the jar, a platinum wire hangs down from it to the 
acid. To the wire is atlachcd a platinum weight which hangs 
below the surface of the acid. Tliia, by its friction in the acid, 
alito helps to check the oscillations of the itccdk'. Tiie wire ia 
prol<'Ct*'d by a wide metal tube. 

Three rods project above the main cover; tnii, called the 
" KlHctrodes," nro connected to the two pairs of quadrants re- 
spectively, and the third is used for charging the needle. 

Tlie electrodes can be disconnected from the qnndmnts by 
raiiiing them. The left-hand one in Plate 11. is shown raised. 

One of the quadrants can bo adjusted by means of a micrometer 
fcrew, whose head is seen in Plate II.. and at the left side of fig. l^i 
' See pngo 61. 
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Hg. 14 is a drawing of the " main cover," as seen from Lelow. 
Id the centre are the qundrants, and the tube inside which pussi-s 
the wire from the needle to the acid. The replenisher [r) (see 
page4ii) is on the left, and the "Induction plate (<)" (seeiio^4+) 
is above one of the quadriiots on the ri^ht. 

The G410E.— Fig. 15. 
'Xlie arrangement for knowing whether the potenliid of the jnr 



s follows :- 



icd horizonliil inetiil plate 



I 
^ 
^ 



id needle remains constant it 
Near the top of the lantern i 
.connected with the needle 
ind the inside of the jar, but 
linsalatcd from there8t of the 
instrument (see Plate 111.). 
.AbovD this is an arm turning 
on a bonxoiital axis. The 
lighter end con sists ofasqnare 
pi«i'e of sheet aluminium, 
which, when the arm is hori- 
lontal, lies pnralleltothe fixed 
plate and just above it. It is 
charged by induction o| po- 
eitely to the plate, and '\s 
therefore attracted by it. 

lu horizontal asis consists 
of a platinum wire passed y.g j^ 

through two holes in the 
plat« and stretched over a 

little ridge on it. The heavier end of the lever terminates in a 
borizonlal fork with a liair* strutclied across it. A piece of white 
^amel, fixed to the stand, and having two dots on it, projects 
up through the fork. The buir and the dots are looked at to- 
gether by a lens. 

The balance la so adjusted that, when the proper charge has 
been eommnnicated to the needle, the hair appears exactly be- 
tween the dots. If now the charge increases, the plate is 
attracted with greater I'orce, and the hair is seen on or above the 
Upper dot. If the charge diminishes, it descends to the lower dot. 
(loia a bluok ond tan Itrricr giTL's tlie l»Kt 
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The re})lenl»her 



I 



A precisely similar gauge is used in Uie absolute electromster, 
page 55. Fig. 15 has been drawn from the latter instmment. 

Thus, any change in the potential of the nee'Ite can be always 
obeerred. 



The RKFLENisaEE. 

used to alter the char<je of the needle if 
necessary, and works by 
tranfiferring small portions of 
the charge to or from the 
needle and jar as may be 
required. 

By means of it the hair ii 
adjusted to lie exactly be- 
tween the (lots. 

The replenisher is Ghowa 
in fig. 16. Two fixed metiil 
plates, connected respectively 
to the needle and the earth, 
act inductively on metal 
pieces carried on a revolving 
shaft. The charge induced 
on the littter is taken off by 
springs, which touch tbem 
at the proper point in tbe 
from the needle according to thv 



I 




be 

1 



L 



rotation, and conveyed to 
direction of rotation." 

A few momenta' use of the replcnialier will supply the loss of 
24 hours. 

A precisely similar replenisher is also used in the abeolnte 
electrometer, page 55. Fig. 10 has been drawn from the 
latter instrument. The two platen at the bottom of the picture 
belong to it, anJ not to the quadrant. 

Tbe SrspENsiON. 
In the early inetrumcnts the ueeclle was suspended hy a single I 
sillc iihre, and brought hack to ita position of rest by r 

• Two other springs put the two cnrriera iuto ooiinectUm once evei 
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of a small magnet attachi^l to it and a largf steel iaa<;^Df t oiitsido 
the caei^. 

In tfa(- modern iDstriimeDts the bifilar suspensioD i^ alnaii's used. 

By means of an ingenious arrangement of screws, the distance 
:ipart of the threads (on which the sensitiveness of the needle 
depends] can he varied from about ^ to J inch. The suspending 



inspai 



^d, 



^ the II 



Fig. 17 gives the 



irror and needle has 



threads consist of two fibres of u 
details of the suspension. 

Tlie stiff platinum wire which c 

cross-piece at its up]>er 
to which are attached 
tlie lower ends of the tivo 
suspending silk fibres; the 
other ends beiu^ wound 
npon the two pins e, d, 
which may be turned in 
their sockets by a square- 
pointed key, to e<}ualize tlie 
tensions of the fibres, and 
make the needle hun^ mid- 
way between the upper and 
under surfaces of the quad- 
rantfi. The pins e, d, are 
pivoted iu blocks carried by 
springs e, f, to allow them 
to be shifted horizontally 
when adjusting the position 
of the points of suspension. 
The screws a, b, which tra- 
verse these blocks, have 

their points l>earing against the fixed plate behind, so that when 
o or i islurnedintbedirectionof tbehundsof a watvh, theneigh- 
bnuring point of suspension is brought forward, and conversely. 
The needle may thus be made to turn through an angle, till it 
lies in the symmetrical position represented in fig. 10, when 
all electrical disturbance has been guarded against by connecting 
the quadrants with the inside and outside of the jar. The conical 
pin k passes between the two springs and screws into the plate 
bebiod ; by screwing it inwards the points of suspension ore 
made to recede from each other laterally, and the sensibility of 
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Fig. 18. 



the necfdle to a deflecting couple is diminished, and conversely. 
At the top of fig. 17 is seen the plate which attracts the gauge. 

Thk Induction Plate. 

Tlie instrument is extremely sensitive, and is primarily in- 
tended for the measurement of 
very small differences of poten- 
tial. In order that somewhat 
larger differences may be mea- 
sured, the Induction Plate is 
introduced to diminish the sen- 
sitiveness. 

Fig. 18 represents a vertical 
section through it; c \s one of 
the quadrants, e the induction 
plate, i the glass stem which supports it ; a is the electrode. 

When it is desired to measure an electrification too high for 
the ordinary arrangement of the instrument, the electrified body 
is connected to the induction plate instead of to the quadrant; 
and so the potential of the quadrant, instead of being that of the 
body, is only that induced by the charged plate, which is small 
and at a considerable distance from the quadrant.* See also 
Plate III. and i fig. 14. 

* Sir William gives the following directions for further grades of diminished 
power : — 

The connections may be further varied so as to produce other degrees of 
sensibility giving indications perfectly trustworthy and available for com- 
parative measurements. The different methods of forming the connections, 
with or without an inductor, are indicated in the following table, where R 
means the electrode of the pair of quadrants marked II R' in tig. 19, L that 
of the pair LL', and I that of the induction-plate; C is the conductor led 
from one of the bodies experimented npcm, O the conductor led from the 
other and connected to the outer metallic case of the instrument, which may 
be insulated from the table if necessary by placing a small block or cake of 
clean paraffin under each of the three feet on which the instrument stands 
(R) or (L) means that the electrode of RR' or LL' is to be raised so as to be 
disconnected from its pair of quadrants. Thus in the grade of diminished 
power or sensibility standing tiwt in the table on the right, the electrode L 
is raised, one conductor is connected with R ; I and the other with the case 
of the instrument. The grade standing last in the table, in which L and R 
are both raised, is the least sensitive of all. In each of those methods the 
correctness of the indications has been verified by measurements taken simuU 
taneously with the Standard Electrometer [a modification of the absolute 
eieotrometer described on page^ 65 — 68], the measured difference of i)oten- 
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Tbe defledaim^ vrt meKax^ec Vr & laziiT' and snje siniimr :o 
that i29Bd vith the simpler iDfiircmei:!.. cxft^*! ih&: tiie s^juf-, in- 

tols ba&c:likiS of ibe cBra. one rif & I^pvoex iar £cxi*£ vhl; %. 7PiiH?ii5Jif-r. br 
xumuk of viiis^ itt pcitnniMl ww- tu-ik w i» ii m^kr ux oaSktc'tL inui^ 
Aand al &II pcjcnitf ler vih^l itit errremirr il'^ liit- «ciuf- &»£ -lik- z<>r^ pnctiaii. 
Tbevorkixrr cf tiie r^intoiitiii^ tKonr KXif!pcnQ«*£ ki iLLtr-rjiH; ::• k-k-v ilh 
aorcTBle ivftdinr •(■ *»^ iihC«c cif im iHismuL of liif- hrmct- &iid Ute indiari^-a 
of the Staadkrd HMKrcmiDner. itif miKimeiiat of & r rrvn Tr:iix«:i7lJiA SH'rvt'eii 
tbe deAdctkiO azid tbe meararpmeir: iiiCKhifC friin. ibf^ Siuii^kri 'LuitSinm^us 

Full Pt««-«r. 
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Tbe ffcciiiiT afT^rded br tbe 
number of tbe»e arrmDirnneiits 
for Tarrine tbe f*n«bil;tT of 
tbe instniiDent even to a inode* 
nte or »1igbt degree tritbout 
altering tbe inija^tinent of tbe 
fibra, will be found u^tul in 
some kinds of obsenrationjt. For 
inftance, it' it be desired to 
obiterre tbe fluctuations of a 
Tarrinp potential, a dejrree of 
iensibilitv i»liieb tbrows tb« 
deflected imaire nearly to the 
extremitT of tbe scale will cau»e 
the fluctuations to W twice a^ 
ftensibie and accurately read a» it 
tbe deflection were only half an 
much, as thev will boar the same 
proportion to the whole deflection 
in the two cases. 
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stead ot* being straight, is curved into the arc of a circle with the 
mirror as centre. The actual angle of deflection can then be at 
once calculated from the number of divisions of the scale passed 
over by the light spot. 

By substituting a lime-light for the paraffin lamp^ and using 
a larger scale, the instrument can be used for lecture purposes. 

I have not given directions for adjusting and using the electro- 
meter, as very full ones are sent out in pamphlet form with each 
instrument. 



CHAPTER VIII. 

OK THE THEORY OF ABSOLUTE MEASUREMENT. 

Of late years men of science have recognized the importance of 
being able to refer all measurements to a common system of 
units, or in other words, to render the numerical values of 
physical quantities independent of the particular instruments 
used to measure them. 

We can easily imagine what confusion would be caused in the 
commercial world if there were no recognized standards of 
length and weight, but if every tradesman sold by an arbitrary 
^veight and an arbitrary measuring-stick of his own. 

An almost equally great confusion reigned in the scientific 
^orld till the system of absolute measure was develoi)ed by the 
labours of Gauss, \Veber, Thomson, Fleeming Jenkin, Clerk 
Maxwell, Balfour Stuart, and others. 

An electric force, for instance, was defined by one observer as 
one that required a torsion of 1000° of the thread of his torsion 
balance to neutralize it. The same electric force, however, if 
measured in another person's balance, would be equal to quite a 
different number of degrees of torsion. 

Before Fahrenheit invented the first thermometer scale with 
absolute reference points, the same number on different thermo- 
meters represented quite different temperatures. • 
. For the intensity of light no absolute scale yet exists. 

But chiefly the defect was felt in the methods of measuring 
electric currents and resistances, and electro-magnetic effects.* 
Now, thanks partly to the requirements of the submarine tele- 
graph companies, who have found it worth while to spend larjje 
sums of money on having these methods improved for them, the 
latter have been brought to a very high state of |>erfection 

indeed. 

• See Part IIL 
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Absolute Units. 

The outline of the svstem of absolate measure is this : — 

Certain units of mass^ length, and time are chosen^ and fn>m 
them the derived units of density, area, Tolume, velocity^ force, 
momentum, energy, &c., are deduced. 

From these again are obtained units of electrification^ potential^ 
electric current, electric resistance, &c. 

All these units, fundamental and derived, are called absolute 
units. 

Absolute Instruments. 

Instruments for the measurement of electrical and other 
physical quantities whose scales are arranged to give the values 
of the quantities measured, in these absolute units are called 
absolute instruments. But as they are usually very expensive, 
very heavy, not portable, and not convenient to work with, 
smaller instruments with arbitrary scales are constructed. 

Measurements of several values of the same physical quantity 
made by the small instruments are compared with measurements 
of the same values made by an absolute instrument, and a table 
of comparison between the scales is constructed. 

This process is callod determining the cohstanU of the smaller 
instrument. An arbitrary instrument whose constants have been 
determined becomes an absolute instrument. 

Choice of Units. 

The English Government has, for electrical and magnetic 
measurements, adopted the foot, the grain, and the second as the 
standards of len<^th, mass, and time respectively, and this system 
is still used in tlie state observatories. 

This system, though convenient for some purposes, is unsuited 
for scientific measurements, because the larger units of each kind 
are not decimal multiples of the smaller. 

The ounce, for instance, is not a decimal multiple of the grain, 
or the pound of the ounce. The yard is not a decimal multiple 
of the foot, or the mile of the yard, livery time that measure- 
ments in the smaller or larger units have to be reduced into the 
larger or smaller, a process of division or multiplication has to 
be gone through. 
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C.G.5. Uifcs. 

To mToid this bbcvr az»d HKiree of errcc., K'ieLtiSc mra ixare 
adopted m deamjl, or MK-eilied metzicil frs^em. 

In this the seeood is still lakea as ibe unit o>f lime. 

The centiiDetre is the Dnit of length, and 

The g^xamme the unit <^ xnasK. 

The »jf9i€m rf mtanrewteni ba»td am 1'if*e m%iU ii coiled tie 
cemtiwtetre-^ramwte^-teond sjtt^m, ttr IriH^ tie C.G.S, n^Uwu^ 



The eemiimeire is the one-hnzMlredLfa part of U>e metre. 

The metre is theoreticallj the t^n-m Ilionth of iLe qaadnmt 
of the earth — that is, it is the ten-millioDth of the Ksult of a 
particular measarement of that qizautitr. Practk'-iiilv it is the 
distance at 0~C. between two lines en^rkved near cpj*:'si:e ends 
of a standard pbtinam bar presened in the Paris obacrratorr. 

Should future mta^unemeDts of the earth's q-iauraDt gire a 
number not exactir ten million times tLis distanoe, the standard 
metre will not be alten^d, bat the earth's qaadract iri 1 be said 
to consist of more or less than ten million metres. The metre 
is eqoal to 

or to 

the standard metre being taken as correct at {fC, the standard 
yard at 

The metre is thus divided : — 

10 auUimctres ^ 1 centimetre. 
100 aiilJiiiiK. ^ lu ceDtim*. = 1 decimetre. 
lOCX) millimt. ^ liJO oentiiLK = 10 dcvim^. rr I metre. 



• See VmiU amd Physical Comftants, \>x Prof. J. D. Ererett, F.R.S. 
3f lODiIka and Co., 1879. 

t For nwglilj ivaliziiig whit number in & familiar measure a number 
rTpryaafH in the metrical iTatem is equal to, we mar put metre := 4ii inches, 
d«dm. =s 4 inchcii eentim. = ^ inch, millim. = 4 inch. The kilometie 
^ 1000 antita nmrlj equals 5 furlongs. 
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Mass, 

The gramme is theoretically the mass of one cubic centimetre 
of distilled water at 4°C. 

Practically it is -j-^V^ of the mass of a piece of platinum 
preserved at Paris. 

The masses of two bodies can be compared by simple weighing 
at the same place without knowing the force of gravity at that 
place, because the force of gravity is the same at the two ends 
of the balance, and therefore the weights are proportiohal to 
the masses. 

The masses of two bodies at different places cannot be com- 
pared by sending the same spring balance .to the two places, 
because, the force of gravity being different, the masses are no 
longer proportional to the weights. 

Definition, — The mass of a hody is the quantify of matter in it. 

The weight of the body at any place is its mass multiplied by 
the force of gravitation at that place. 

C.G.S. Dekived Units. 

DENSITY. 

IVte density of a substance is the mass or quantity of matter 
per unit of volume. 

In the C.G.S. system it is the number of grammes in a cubic 
centimetre. We now see the reason why the centimetre instead 
of the metre has been chosen as unit. It is because it makes 
the density of water unity ; the adoption of the metre would 
have made it 1,000,000. 

The densities of various substances then remain equal to their 
specific gravities — that is, to the ratio of their densities to that 
of water — and require no alteration to reduce them to absolute 
measure. The adoption of the metre as unit would have neces- 
sitated multiplying the specific gravities by 1,000,009 to give 
the densities. 

We may here note that, of the two units of density and mass, 
we must assume one, and then can derive the other, but it is 
unimportant which. 

The advantage in assuming a unit of mass is that masses can 
be compared more accurately than densities. 

We can either say, as we have done, that the density of a 
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■abstanoe is the mass (expressed in arlntrary mass anits, viz.. the 
mass of a piece of platinum iu Paris) m unit of volume, or we 
can say that the unit of mass is the quantity in a unit of volume 
of a fititistanoe (distilled water at 4=C,) whose density we arbi- 
tisrily take as unit. 

The plntinuni unit of mass has been constructed, so far as 
possible, to make these two detinitiona identical ; but if, owing 
to better determinations of the density of water, they should 
cvnse to agree, the unit of mass will not be changed, but a 
correction will be applied to the density of irater. Mean- 
while, the densities of other enbstances being determined es- 
perimentally by the ratio of those densities to that of water, 
the numbers expressing these ratios (the specific gravities) will 
remain unchanged, but will have to be multiplied by the new 
value of the density of water to give the true densities. 

Velocity. 

7kt xrUieity of aiig lodif motin^ wUh niti/urm relveUi/ U ihe 
m*mb«t t>f eentimeirea that it trarelt m a »fcond. 

The Telocity at any instant of a body moving with variable 
docity is llie numl>cr uf centimetres tliat it would have 

ivelled in a second if it had gone on moving uniformly for 

second with the velocity that it had at tbat instant. 

A body moving at the rale of one centimetre per second 
bas a velocity unity,* or fie unit of veloetfif is a veloeHif nf one 
ctnfimefre par iireninl. 

■ ACCELEUATIOS. 

Let a point be moving with variable velocity ; if the velocity 
IB increasing, the motion of the point is said to be accelerated. 

If the velocity is diminisln'ng, the motion of tlie point is said 
to be retarded. 

For convenience of calculation, both increase and diminution of 
velocity are called acceleration, but diminution is called negative 
acceleration. 

It may easily Jw seen that this convention is legitimate, for if 
a moving point is being equally accelerated and retarded, ils 
velocity will remain constant — the algebraic sum of the accelera- 

tn and retardation is zero — which shows that the retardation 






* Tki«, tbe nnit velocity-, is egmtl to aboat 40 jards per hour. 
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may be cousidered as a quantity equal in magnitude but opposite 
in sign to the positive acceleration. We may now define the unit 
of acceleration. 

Uniform acceleration is the number of units of velocity by which 
the velocity of the moving point changes in a second. 

Variable acceleration at any instant is the number of units of 
velocity by which the velocity of the moving point would change 
in a second^ if for a second the rate of change had been that 
which it had at that instant. 

The unit of acceleration is an increase of velocity of one centi- 
metre per second. 

FoucE. 

If a body, having mass, is moving with variable velocity, some 
force must be acting on it.* 

The value of a force is the number of units of acceleration 
which it can produce on a unit of mass ; f that is, it is equal to 
the number of units of velocity by which it can increase the 
velocity of a unit of mass in a unit of time. 

The unit of force is that force which, acting on a mass of one 
gramme for one second, can increase its velocity by a velocity of one 
centimetre per second. 

This unit of force is called a dyne. Now the velocity of a body 
falling in vacuo at Greenwich increases at the rate of 981*17 
centimetres per second for each second of fall — that is, at Green- 
wich the earth acts on a body at or above its surface with a force 
of 981*17 dynes per unit of mass, or to hold up a gramme 
at Greenwich requires a force of 981*17 dynes. J 

To sura up — 

The dyne or unit of force is the force which, if it acted for one 
second on a mass of one gramme, would, if the mass was 
previously at rest, give it a velocity of one centimetre per second, 
or, if it was previously in motion, in the direction of the force, 
would in that time alter its velocity by that amount. And a 

dyne is of the force of gravity on a g-ramme at Green- 

j 981*17 ^ J o 

wich. 

• Netcton, Laws I. and TI. 

t It also equals the number of units of momentum which it can produce 
in a unit of time. 

J Between the equator, where it is least, and the pole, where it is greatest, 
the earth's attraction varies by about fjj of its whole mean vahie. 
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Tie unit of tonrk h ealUd the erg ; 



« f/ie amount of wori 
—that is to Bav, 
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d<me lijr one dyne Korking through one centimetre — tb 
it is equal to the work required to move a body through one 
ceotimetre against a forco of odg <l}'De. To liTt one gramme one 
centimetre at Greenwich requires an expenditure of 9Sl'l 7 erps 
of work, and if at the top of the centimetre we let the body go, it 
is able in falling one centim. to do that amount uf work. 

CG.S. APPLIED TO Electro-statics. 
Wb now come to the CG.S. system of measuring electro- 
static e Sects. 

QVASTITlf. 

The eleetro-slalie nnh if quantity m that quantity of eleetrieify 
which ai a unit dUi^nce Kill repel another equal quantity of the 
aanu kind of eleclricily with a unit of force — (luit is, in the CG.S. 
system, it is the quantity of electricity whieh at a distance 
of one centim. will repel another equal quantity with a force of 
one dyne. 

Now, if the unit Iw determined experimen tally (we will 
describe the methods used later on), we see how, for instance, any 
torsion balance might be graduated. Let the fixed bull be 
charged with two units, and let the movable ball be made to 
touch it ; tlie balls will be then charged each with one unit of 
electricity and will repel each other. Let the torsion circle bo 
then turned so as to bring them towards each other till they are 
at a distance of one centim.* The force between them is then 
dyne, and it is exactly balanced by the torsion of the thread. 
The force exercised by the torsion of tlie thread at that particular 
itjon of the circle is then one dynu. 

On repeating the experiment with charges of 3, 4, 5, &c, 
units, we shall get the readings of the circle corresponding to 
forces of li, i, 2^, S:c. dynes. On constructing a table of these 
rp8g!t8,a&knowD quantities of electricity can be at once measured 
in CG.S, units by the instrument.t Tiiis ami similar processes 
are called ddterminiDg.the constants of the instrument. 

* The diaiDeten of the balls are (apposed very sniiill coTnpnreil with one 

't This ii onlj intended as an illustratioii. The eiperiment could nut Ix 
armi ont eiactly a* here described. 
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Potential. 

In the C.G,S, system, tie unit potentiul is tie potential due to 
a unit of electricity at a distance of one centim. 

We have defined the difference of potential hetw^n two 
points^ due to any given electrification^ as the work required to 
be done to move a unit of electricity from one of these points to 
the other. 

The unit difference of potential is the difference of potential 
which there must be between two points for one erg of work to be 
required to move a unit of positive electricity from one to the other , 
the influencing electricity being supposed to retain its distribution 
unchanged. 




P;^n IV.— TBOMOW^ i-^"""^- *'*"'''^ 
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CHAPTER IX. 

ABSOLUTE ELECTROMETERS. 

We now come to the experimental methods oi' determinint^ |ioten- 
tials and quantities of electricity in absolute units. The instru- 
ments used are called absolute electrometers, and are all the 
invention of Sir William Thomson.* Several forms of the abso- 
lute electrometer have been constructed. We shall only describe 
the latest. 

The New Absolute ELECTttOMETEii.— Plate IV. 

The absolute electrometer consists essentially of two horizontal 
parallel plates insulated from each other. 

In the centre of the upper one is a round hole which is almost 
filled up by a light disc hung by three delicate springs like 
carriage-springs. To the disc is attached a modification of the 
hair and dot arrangement described on page 41. The disc is so 
adjusted that, when the hair is sighted between the dots, it hangs 
so as exactly to fill the aperture in the plate— that is, the surface 
of the plate is continuous, except for the small annular space 
round the edge of the disc. The disc and the perforated plate, 
which is called the "guard-plate,'' are in metallic communication 
through the supports of the balance. 

The suspended disc can be moved up and down by turning a 
micrometer screw, which moves the block to which the springs 
are attached. 

The lower plate can also be moval up and down by a micro- 
meter screw. 

The simplest method of using the instrument is as follows : — 

The upper screw is so adjusted that when no part of the appa- 
ratus is electrified, the disc hangs a little above the guard-plate. 

• Report on Electrometerij — Papers on Electro.statics and Magnetism. 
Page 287— Sir Wm. Thomson (Macmillan), 1872. 
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The two plates (viz. the lower plate and the guard-plato 
and disc) being electrified by connecting tliem respectively 
with thi! two Lodies whose difference of pot«ntial it is required 
to measure, the bottom one is moved up or down till the hair 
appears between* the dots, Tliis shows that, at the distance, 
which there then is between the plates, the attraction exactly 
balances the foree, due to the springs, tending to move the 
disc upwards. The distance between the plates, the size of the 
suspended disc, and the force tending to move the disc upward, 
being all knowo, the corresponding difference of potential can be 
cnlcninted by means of a mathematical formula. 

The foree tending to move the diao upwards is determined 
by finding what weights laid upon the disc will bring the hair to 
the sighted position when no part of the apparatus is electrified. 

The use of the guard-riug is this: the formula is only 
applicable to the centre portion of an attracted plate — it is not 
applicable near the edges. The practical effect of the guar<l-plat« 
is to give us a movable disc which is all centre and which has 
no edges. For the edges being those of the fixed guard-plate, 
the attraction on them does not affect the motion of the disc. 

After a time Sir William Thomson found it better to replace 
this method of working by another not quite so simple. In the 
new method, each plate is insulated, and the upper one ia 
charged to a high, and constant, potential. The lower plate is 
then connected alternately to the earth and to the body whose 
jiotential is to be observed. The difference of attraction in the 
two cases gives the difference of potential between the body ai 
the earth — that le, the potential of the body. 

To ensure the constancy of the pofeutial of the upper plate, tbfl'< 
latter is connected to a separate balance electrometer or gnugs 
similar to that used as an accessory to the quadrant electro- 
meter (fig, 15, p. 41). It is not necessary to know the potential 
to which it is charged, but only to know that it is constant. Tl 
accessory electrometer, or gauge, is called an idioilatic eleett 
meier. 

To guard against the effects of leakage, the glass case of the 
instrument is covered with tinfoil, and forms a Leyden Jar 
(page 61), in which a large quantity of electricity is stored. 

Certain openings left in the tinfoil allow the interior works 
be seen. 
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Tbe potential of the charged plat« is adjusted by means of a 
T«pleDUher, like that nsed in the quadrant electrometer (fig. 16, 

I'he suspended disc is prot«'tcd from the effects of accidental 
iadactioti br a metal cover, made tn two halves, which are shown 
removed to the sides of the instrument. 

A spiral wire, passing to a metal rod supported on a glass stem 
and projecting from the bottom of the instrument, enables con- 
nection to he made with the lower plate, and allows the latter to 
be moved np and down. 

Two or three half-pint tumblers {not shown} stand inside the 
case, containing pieces of pumice-stone wetted with sulphuric 
acid, which absorbs moisture and keeps the air dry. 

The whole instrument stands on three legs sufficiently high to 
enable the hand to be placed underneath to turn the screw of the 
lower plate. 

The instrument is made by White of Glasgow. 

To DETBRMINR PoTESTULS BI THE ABSOLUTE ElECTKOUETEU. 

It IB shown in Sir W. Thomson's paper before quoted, 



and, though we can giv 
mathematical proof, that 



his result here, we cannot give the 



f=D7»J 



whne V is the potential of the body under examination ; D the 
distance between the plalcs; ir the ratio of a circumference of a 
circle to its diameter — that is, 314-16j P the electric attraction 
which is equal to the upward pull exercised by the counterpoise; 
A an area which is the mean of the areas of the suspended disc, 
>nd the hole in the guard-plate in which it bangs. 

If, instead of being neutralized by the electric attraction, tbe 
Upward force of tbe counterpoise, equal to F, were balanced by a 
Weight which we will call W — that is, W grammes where \V is a 
Unmber different in different experiments — we have 

Force ^ W multiplied bj force of gravity at tbe [lUce, 
Or ID symbols 

F = W.J. 
And the formula becomes 
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and we remember that g at Greenwich is eqaal to 981*17 
dynes. 

In practice it was, however, found very difficult to determine 
D, the distance between the upper and lower plates, accurately. 
For this and other reasons the method of working was modified, 
as we stated on page 56. 

Let D be the distance when the lower plate is connected to 
earth, and D' the distance when it is connected to the body 
under examination. Let V be the difference of potential 
between the upper and lower plate, when the latter is connected 
to earth ; and V the same quantity when it is connected to the 
body under examination. 

Then, as the potential of the upper plate is constant, the dif- 
ference of the potentials of the lower plate, when connected to 
earth and to the charged body, will be 

V- T* 
The formula then becomes 

V - r = (D - D') hrc'^.g 

and V — V is the difference of potential between the earth and 
the charged body, and D' — D is the difference between the two 
readings of the screw of the lower plate, and can be determined 
with perfect accuracy without a knowledge of the actual 
distances. 

The Poktable Electrometer. — Plate V. 

Sir William Thomson has also invented a poriahle electrometer. 
Its scale is graduated by direct electrical comparisons with 
the absolute instrument. 

Details of the instrument are shown in Plate V. 

The arrangement is somewhat similar to that of the New 
Absolute Electrometer. The '^ attracted disc" is square, and with 
its guard-plate forms an arrangement [h,f, fig. 2) exactly like the 
guage of the Absolute Electrometer or of the quadrant, 

• For let potential of upper plate be A, and that of the lower, B and B' 
in the two experiments respectively, then — 

V = A — B, Y' = A-B' 

and V — V = B' — B, and the difference between B and B' is the potential 
we want to measure. 
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It is inverted and placed at the bottom of the inslnimcnt, and 
is attniL<ted vjMeariit by the movable plate (y, fig. 1}. 

The case forms a Leyden jar, the iuejde ol' whieh is connected 
to tlie gauge and guard-plate. 

To use the instrument the jar and gauge are highly charged. 

Tlie movable plate is connected to earth, and screwed up and 
down till the gauge balances at the sighted position. 

Tlie reading of the moving plate having been taken, it is con- 
nected to the body whose potential is to be measured, and moved 
till the disc again balances. 

The di Here nee between the two readings of the movable plate 
gives the difference of potential between the earth and the body, 
in units of the instraraent, assuming tlie potential of the gauge 
and ^uard-plute to have remained constiint throughout the ex- 
periment. 

To test this a second earth reading should be taken. 

If the two earth readings differ widely, the experiment must be 
rejected. If they exactly agree, the potential has remained con- 
fitant, while, if they differ slightly, their mean will not be far from 
what would have been the earth reading at the time when the 
charged body was tested.* 

The value of the arbitrary units of the instrument are deter- 
mined, once for all, by a series of measurementH of the same 
potentials by it and by the Absolute Electrometer. 

The mechanical arrangement by which the plate is moved up 
and down is very ingenious. The plate ff is fixed to a circular 
vertical brass stem, which is pressed into two brass Vs by a 
spring (fig. 2). Thisensures its always moving parallel to itself. 

It is moved up aud down by a screw with a eonvei steel head 
{d, fig. 1), which rests upon an agate plate. On the screw are two 
nuts (a and f, fig. 1) ; one is fixed to the tube carrying the plate 
y, and the other is only prevented from revolving inside it. They 
■re forced apart by a spiral spring. This prevents what is called 
in mechanics "back-lash" or " lost time" — that i;?, it ensures 
tluit the longitudinal motion shall be reversed at the same time 
Bfl the circular. 

The screw is kept against the agate by pressing the milled- 

* Tbi* SMUme« that the tiws is nnifonn, and that tbe time from the 6r8t 
k Mrth reading to tbe chorine reailing is equal to tliat from the dbnrgs reading 
to tlw Ktomi earth reading. 
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head with the fin«jer. The numher of whole turns of the screw- 
are read on the scale (fig. 2), while fractions of a turn are read 
on the circular head attached to it (fig. 1) . 

The details of the gauge are shown in figs. 1 and 2. h h \^ 
the guard-plate,/* the balanced plate, % k the pointer, and I the 
hair and dot arrangement. The tinfoil is removed to allow the 
hair to be seen, and a screen of fine wire gauze is substituted 
to guard against electrical influence. 

The Umbrella, fig. 3, is a guard to protect the rod communi- 
cating with plate g from accidental induction. It can be slid up 
and down as required ; when lowered, it makes communication 
between g and the outer case. 

Some /7tt/»ictf just moistened with sulphuric acid serves to keep 
the air dry. It must be carefully dried in an oven once a month. 

The instrument is chiefly used for observations of atmospheric 
electricity. It is not fitted for extremely accurate work.* 

Reason for Charging the Disc. 

In both the portable and in the absolute electrometer the 
screw plate would have to be moved equally for a given difference 
of potentidl, however feebly the disc was charged, or even if it 
was not charged at all. 

The effect of highly charging the disc is that, although the 
difference of attractions is the same, the total attractions are 
greater, and slight irregularities in the actions of the springs 
would not cause so great an error. 

♦ With great care potentials equal to half a Daniel's cell may be measured. 
With ordinary practice and care, potentials equal to from two to three cells. 
The quadrant electrometer measures to about ^i of a cell, but can be adjusted 
to measure sio» and it takes 1100 cells to produce a spark ^js inch in length. 
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THE LEYDEN JAIl. 

We have shown that when two oppositely charged conductors, 
separated by an insulator, are brought near toother, they will 
attract each other. 

If we cau arrange two conductors of large surface, and place 
them very near together, separated by a rigid insulator, we shall 
have all the conditions lor a very powerful attraction. 

These conditions are satisfied in the " Leydcn Jar," which in 
it« most ordinary form consists of a 
wride-inoulhed bottle of hard white 
glass (fig. iO), coated inside and out 
with tinfoil. The tinfoil stops a few 
inches from the mouth of the bottle. 
The bottle is closed by a lid of hard 
wood, in the centre of wliich is a 
brass rod with a knob at the top, A 
cbkin hangs from the lower end of 
the brass rod and touches the inside 
tinfoil. 

The inside tinfoil can be chariji ! 
with positive electricity by plaim 
the knob of the jar near the ii ; - 
ductor of a glass electric mauhinc, ' i--". 

and working the latter till sparks 

pass to the knob. When sparks refuse to pass any longer, it 
ehows that the inner tinfoil is charged to almoht the same 
potential as the conductor of the macbtuc. This ( + ) charge 
acts inductively through Ike glaat, and induces a (— ) charge on 
the inside of the outer tinfoil, and a ( + } one on its outside. 

If the outer conductor be connected to earth, the side furthest 
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from the inner conductor may be considered to be removed to^ 
an indefiiiile diBtance, and only (—) electricity remaioa in the-] 

outer tinlbil. 

As tlie outer tinfoil entirely surrounds the inner one, the iii-| 
duced ( — ) charge on it will be equal to the inducini* { + ) one. 

We have then two opposite charges of electricity spread over I 
large surfaces, and separated only by the thickness of the glass. 

These two charges attract each other very strongly, and, the 1 
moment a path is opened by which they can come together, they I 
will combine with great violence. 

Experiment: — Take a charged jar and a pair of " discfaargiDg I 
tongs." These latter consist of u jointed conductor attached t 
an insulating handle or handles. Touch the outside coating of j 
the jar with one end of the tongs, and bring the other near the 
knob. There are now two strains going on ; one is the strain of \ 
the glass which is constant, and the other the strain of the i 
between the knob and the tongs, which is increasing as they are 
brought nearer together. Meanwhile, as the thickness of the | 
stratum of air between the knobs diminishes, its mechanical 
strength — that is, its power of resisting disruptive discharge- 
decreases. At last a point is reached when the air is no longer 
strong enough to resist the stress or straining force, and the elec- 
tricities burst through it and combine with a flash and a report. 
Immediately after tiiis has occurred, the jar is found to be com- 
pletely discharged. 

Residual Chauge. 

If, after being discharged, the jar be left to itself for a fewl 
minutes, it will be found to have again acquired a small charge. J 
Thia second charge is called the " Keaidual Charge." With a | 
half-gallon jar it is usually sufficiently powerful to produce i 
spark visible in daylight. 

The phenomena of residual charge can only be explained by I 
supposing the induction passing through the glass to be a state | 
of strain of the particles of the glass. On this hypothesis \ 
suppose the glass in the charged jar to be very much strained, 
but not to be perfectly elastic. On the tinfoils being discharged ] 
— that is, on the i-emoval of the strainingforce — the particles of ] 
glass instantly fly back almost, bat not quite, to their normal un- 
strained position. For a moment we then have the tinfoils di»- J 
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ehar^l.but the giaes in a BlightlvHtraiued state. In theconrae 
of « few TDJDutes t!ie gluM slowly rwovers from this residual 
■trtin. 

Thus, while the inner tiDfoil has remained insiilatfti, n ehan^ 
haa occurred in the electricnl arrangement of the piirticles of 
glass near it. Tie tlatt ^ilrain Aat atlertd. 

Now, in tlie ordinary phenomena of induction, the efTect of 
altering tho state of strain of an insniator {by bringing a charged 
body near it) is to induce a charge on any adjoining conductor. 

In the present case the residual charge is prodiiceil by the 
change from a more to a less strained Bfnte, which takes place in 
the glass by virtue of its elasticity. 

Mechakical 1 LLUSTO-VTIOK. 
The following mechanical illustration will help us to obtain a 
clearer view of what takes place, 

Erperiment. — Take a strip of gntta-percha about 6 inches highj 
3 wide, and ^inch thick, nnd fix its lower end to a table or in a 
vice so that it stands np vertically. Now bend the upper end 
down with the finger. 
L The giitta-percha reprerents the glass of the jar, nnd the pree< 
Bnre of the linger the straining force of the cliar;;e. 
m Now suddenly let go the gutta-percha — that is, discharge the 
jar. It will fly to a posilion nearly, hiil not quite, vertical, and 
will rest there for a moment. 

klf the finger be placed on it, there will be no pressure felt for 
fiecond or two, 
I^This represents the instant when the.jar is completely discharged. 
n a few sccondB more the gutta-percha will begin to again press 
nn the finger, and, on being released, will fly to the vertical 
posilion — that is, the recovery from the residual strain will have 
It eloped a residual prensure or charge. 
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Ta further proof that the phenomena of tho Leydt-n jar are the 
effects of strain is found in the fact that any mechanical agilalioH 
of thf puTl'icUi oj the gltisx, which enables them, to move more freely 

Itr one another, hit»lens the derelopmenl nf the reiiilual charge. 
5n>e following experiment is described by Dr. John Hopkinson 
Ithe Vkil. Ttans. 1H70, page 480, and was successfully shown 
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by the present writer to a large audience at the Eojal Inetitutu 
on January 23, 1879. 

Mrperimeat. — A glass bottle, intended for making a small 
Leyden Jar, about S inches bigbj is used, but is not coated with 
tinfoil. 

The ronductors consist of strong sulphuric acid. The jnr is 
half filled with it for the inner conductor, and st-inds in a glass 
dish of it which forms the outer one. The glass dish is insulated 
hy being laid on a slab of india-rubber. i 

The connections with the jar ai-e made by platinum nii^ 
dipping into the acid. y 

To charge the jnr, the outer acid is connected to earth by means 
of a platinum wire attached to the ueai-est water-pipe, and the 
acid in the bottle is connected to a friction electric machine- 
about a 15-inch plate is a suitable size. The jar is charged, by 
working the machine for some two or three minutes, and is 
then insulated. 

It is then discharged by means of a piece of platinum wire, 
the shape Q, attached to an insulating handle. 

The inside and outside ncida are kejit coiineeted for about 
to twenty seconds. 

Tlie connection having been broken, the inside and outdde are 
connected respectively by platinum wires to the quadrants of 
an Elliott -pattern electrometer." 

The return of the residual charge should cause a slow and 
steady motion of the ligbt-spot. If the liglit-spot moves too fast, 
the two wires must be pressed together between the finger and 
thumb for ten or fifteen seconds more, so as to further discharge 
the jnr, and this process must he repeated until a convenient 
speed is obtained. 

As soon as this has been done, the edge of the jar may be 
tapped smartly with a piece of hard wood {the handle of a smi ' 
hammer, for instance). The pace at which the light-Bpot mi 
will be at once (relied. 

Tliis shows that the residual charge is appearing about thl 
times as fast as when the jar was undisturbed. 

This experiment is perfectly explained on the hypotht 
induction being a state of strain of the insulator; for we ki 
tliat if any partly elastic body be distorti-d, and is slowly 
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csflveringita normal shape by virtue of Its elasticity, any tnppicg 
or jarring will, byenabliog tbe particles to slide more freely over 
^;acb other, greatly hnsteD that recovery, 

Wlicu it is desired to show this experiment to an audience, a 
1 ime-light, and a scale about ei^ht feet long, placed at a distance 
*Df about twelve feet from the electrometer, should be substituted 
Sot tbe ordiuary scale and bmp. With this arrangement and a 
suitable lens, a clear disc of light, about two inclies in diameter, 
is seen oa the scale, and, when the jar is undisturbed, it should 
xnove at the rate of about three inches per second. 

If it is desired to repeat the experiment, the electrometer can 
le discharged, and tbe light-spot brought back to the zero by 
liolding tbe platinum wires together for an instant. 

In order to check the oscillations of the needle of tbe electro- 
meter, the wire which leads from it down to the acid should 
liavea piece of thin sheet platinum, about \ inch wide by \ inch 
liigh, attached to its lower end below the surface of the acid.* 



SuPeilPOSITION op DIFFEEENT ChAUGES. 

Id the same paper Dr. Hopkinson has shown that if tbe jar 
1* chatted alternately + and — for various periods, the residual 
chai^ will be first — and then will become +, showing that, 
as he expresses it, " the charges come out in tbe reverse order 
to that in which they went in." 

Tbe experiment succeeds even when the charge has been re- 
versed three or four times. 

The importance of this result lies in the fact that, while it would 
be impossible to conceive of alternate " actions at a distance," 
remainiog superposed on each other in tbe glass, it is yet quite 
pos»ble to conceive that alternate strains of its particles should 
be so superposed. 
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SIbchanicai. Analoot. 

On OctoWr 4, 187S, Dr. Hopkinson comirunieated a paper 
to tlie Royal Society,* " On tbe Torsional striiin M'hiub remains 
in a glasa (ilire after release from Twisting Stress." \\\ the paper 
he testa ex pen in en tally an aasumption which had been previously 
made by Boltzmann, that the principle of superposition, which 
we have just mentioned, is applicable to the mechanical strains 
indnced in the glass fibre by torsion. In his experiments Dr. 
Hopkinson found that the assumption was a correct one, and 
that, if various twisting forces were applied, the effect of each, 
separately, was stored up in the fibre, and could be detected in 
turn after the release of the latter from the twisting stress. 

Thus a complete analogy is established between the twisting of 
a glass fibre and the phenomena of residual charge ; and we cun 
bare no doubt that the electrical effects are due to mechanical 
strains of the insulator. 

EFFECT OP Teuperatuee. 

IntheP^//. Tram. 1877, vol. ckvii.. Dr. Hopkinson has shown 
that all the phenomena of the Leyden jar are aiik'ted by changes 
of temperature. 

This is another proof that the effects are due to a strain of 
the glass, for the rigidity and other mechanical properties of tbe 
glass are all affected by temperature; but we could not imagine 
the temperature of the glass affecting a "direct action at a dis- 
tance" passing through it. 

AnALOOY BlH'WEEM LbYDEX JaR AMD StDAIXED BeaU. 

Mr. Ayrton has shown me the results (not yetf published) of 
an experimental investigation in wbieh he and Mr. Perry have 
compared the mechanical straining of beams with tlie absorption 
and return of electricity in extremely well-insulated Leyden jare, 
each experiment lasting many days. They have found that the 
curves expressing the rate of return from the strained state are 
precisely similar in the mechanical and electrical cases. 

Other Condensers. 
A Leyden jar is sometimes called a " Coiulenser" because 
• Proo, Roy. Soo., vol. nvlii. 1878, paga 148. 
t Janoary. 18B0. 
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was formerly supposed that the stron» electrical effects observed 
were due to the condensation of an electric fluid or fluids. 

Condensers are made in many other forms besides the jar form 
which we bnve been describing. 

They sometimes consist of a flat plate of an insulator coated on 
Ixrth Hdes with tinfoil. The tinfoils are made smaller than the 
insulator in order that they may be efficiently separated. 

The two tinfoiU act as the inner and outer coatings of a Lcyden 
jar. 

Sometimes a condenser, of very large surface, is formed by 
pUciog a great number of alternate plates of iusulator and tinfoil 
together. 

In this case the 1st, 3rd, 5tb, .... tinfoils are connected 
together, and correspond to one coating of the Leyden jar, and 
2nd, 4th, 6th, .... are connected and correspond to the 
otiier. 

The insulator in these large condensers is sometimes mica nnd 
Boinetimes paper which has been dipped in melted paraflin wax. 

Messrs. Clark and Muirhead's great condenser, which has been 
constructed for "duplexing" the direct United Slates' cable, 
contains 100,000 square feet, or more than 3 acres, of tinfoil, and 
fills 70 boxes each 2 lect by 1 foot 6 inches aud 7 inches thick. 

Capacity. 

Tlie rapacity of a condenser is measured by the quantity of 
tiectricity of unit potential which it can contain, or, in other words, 
it is eqnul to the charge divided by the potential. 

It is found that up to a certain limit it gets less as the thick- 
nc«a of the insulator gets greater. 

When a metal sphere is hung np iu the centre of a room, it 
forms the inner coating of a condenser, of which the air is the 
insulator, and the walls, floor, and ceiling, the outer coating con- 
neeted to ea rth. 

When the room is very large, the insnlator can be considered 
as being so thick that variations in its thickness do not affect the 
capacity. 

The capacity then only depends on the size of the sphere, being 

ger when the radius is increased. 

It can be shown mathematically that the capacity of such a 

here is simply and directly proportional to its radius, and the 
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units have been so chosen that the capacity of an isolated spierical 
conductor is numerically equal to its radius* 

C.G.S. Units. 

The C.G.S. unit of capacity is (in Electro-static measure) the 
capacity of an isolated spherical conductor of one centimetre 
radius. 

Capacity of two Concbntric Sphsres. 

It can be proved mathematically that the capacity of a con- 
denser consisting of two concentric spheres* is equal to the 
product of their radii divided by the thickness of the air space 
between them ; that is, if r and f^ are the radii of the inner and 
outer spheres respectively, then 



Capacity = 



rr 



fj — j> 



* The inner one being charged, and the outer connected to earth. 



CHAPTER XL 

SPECIFIC INDUCTIVE CAPACITY. 

Introductory. 

If Electric Induction were a " direct action at a distance/' we 
shoald expect that it would be transmitted equally through all 
insulators. One of the strongest arguments for supposing it to 
be a strain of the particles of the insulator is found in the fact that 
different insulators transmit it with very different strengths. 

We have defined the capacity of a condenser as the quantity of 
electricity of unit potential which it will contain. 

This quantity depends : — 

(1) On the size of the conducting plates; for a large plate will 
hold more electricity than a small one. 

(2) On the strength of the inductive action between each square 
centimetre of the opposed plates. 

The last quantity depends on two things : — 

(1) On the thinness of the insulator; for the nearer the two 
conductors are to each other, the stronger will be the inductive 
action between them ; and, 

(%) On the specific power of the substance of which the insulator 
is composed^ of receiving and transmitting that electric strain which 
we call induction. 

This power is called the Specific Inductive Capacittf of the sud- 
stance. 

The specific inductive capacity of dry air, at the ordinary pres- 
sure and temperature of the atmosphere, is taken as the standard 
and called unity^ and the capacities of other substances are com- 
pared with it. 

Definition. — Let there be two condensers, one (a) having air 
as its insulator, and the other {6) having any other substance ; 
and let the condensers be precisely similar in all other respects^ 
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then the raVio of the capacity of (i) to that of {a\ \» ealttd the Spe- 
cific Inductive capacity of tie tuhtance which formt the intulaior 
of[b). 

We see thab the Specific Inductive Capacity of any substanoe 
is a quantity which expresses the ratio between the power of 
transmitting electric induction possessed by ttuit Bulntance and i 
■ by air. 

In actual determinations of Specific Inductive Capacity, it i 
not always necessary to make the two condensers precisely similaiy^ 
as when the form and dimensions of the air condenser arc known,,! 
we can cnk-ulate, from experiments on it, what would have been J 
the capacity of an air condenser similar to the condenser undei 
examination. 

Definition. — Insulators across which electric action takes plac 
such as the insulators of condensers, are called " dielectric*," froiaf 
the Greek Sia, across. 

The determination of the speciPo inductive capacities of diffe-^ 
rent dielectrics is one of the most important branches of electri- 
cal research. 

It is of the very greatest commercial importance, for in sub- 
marine ti)legra|ihy the number of words per minute which can be 
transmitted through the cable — that is, the gross receipts of the 
company — depend, in a great measure, on the lowness of the spe- 
cific inductive capacity of the insulator of the cable. 

In choosing between different insulators, it is therefore abso- 
lutely necessary to have an accurate knowledge of their capa- 
cities. 

In the theoretical study of electricity it la of even more impor- 
tance, for, as wc shall show in Part IV, of this book, the theory 
which at present offers us the fairest hopes of some day finding 
out exactly wiiat electricity is, requires certain relations between 
the specific inductive capacities and the refractive indices of 
transparent dielectrics. It is only by accurate determinations 
of specific inductive capacities that this theory can be expe- 
rimentally tested. 

We shall therefore give a very full account of all the determi- 
nations of specific inductive capacity which have been made up 
to the present time.* 
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We must premise tliat the experiments are of an extremely 
difficDlt and complicated nature, and that the numbers obtained 
for tbe same sabstances by difTcrent observers difTer very widely. 

Tbe reasons of the differences are not yet fully understood, 
though many causesof error have lately been discovered and elimi- 
oated ; but we cannot yet say for certain whether tbe true specifie 
inductive capacities of the same substances are or are not altered, 
by changes in the strength of the electrification, by the duration 
of the charging, and even by molecular changes occurring spon- 
taneously, from month to month, in the dielectrics themselves. 

Nevertheless, it is only by a careful study of wliut has been 
already done that we can hope to evolve some order out of the 
uncertainty in which existing experimenta have left us. 

EXPEKIMEKTS OF CaVENDISH.* 

Between 177I-S1 Cavendish measured tbe capacities of various 
condenseis by comparison with certain other standard condensera 
which he called " trial-plakt." 

The capacities of these trial-plates were themselves determined 
in absolute measure, by comparison with a gIol>e 12"6 inches in 
diameter suspended in tbe middle of his laboratory. 

Aq actual air condenser was constructed, consisting of two 
brass plates, ^ inches diameter, placed parallel to each other, with 
only air between them, at distances which, in the different ex- 
periments, varied from "SIO to 'ZSQinch. 

From his experiments. Cavendish calculated the ratios of the 
capacity of glass and other substances to that of air; that is 
what we now call their speci6c inductive capacities. 

In comparing the capacities of two condensers, we must remem- 
ber tliat, if we connect them both simultaneously to the same 
source of elec-triRcation, the charges which they will receive will 
be directly proportional to their capacities, and, therefore, to 
know the ratio of their capacities, it is only necessary to measure 
the ratio of their charges. 

The first portion of Cavendish's experimenta consisted of a 
comparison between tbe capacities of his condensers and those of 

• See 2»» Electrical Beiearthet of tk« Won. Efiry CaeendiiA, F.R.S., 
wiitten belweeti 1T71-81, edited l,j J. t'lerk Maiwell, F.K.S. Cambridge. 
UoIt. Picm, 1878. PugcB 141—188. 
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(lie various " trial -plates " which lie constructed as arbitrary 
standards. 

His condensers consisted of flat plates of glass, shelino, and 
beeswax, on opposite sides of wLieh circular discs of tinfoil were 
pasted. 

The trial-plates were glass with tinfoil discs. They were made 
in a set of ten, of sizes to give different " computed charges " — 
that is, to he of different capacities. 

The capacity of the smallest being called unity, there were ia 
the set — 

3 pliiteH of cnpacity 1 



By suitable combinations of these ten plates, a condenser, of any 
capacity from 1 to 40, could be constructed. 

One of the trial-plates was made with a sliding conductor for 
slightly varying the capacity as a fine adjastment. 

It consisted of a brass plate which could either be laid entirely 
on the tinfoil, or slid so as to project over its edge, and thus 
practically coat a larger portion of the glass. 

The method of comparison was what is called a " zero method " 
— that is, instead of the difference between the condensers and 
the trial-plates being measured, the latter were adjusted till 
they exactly equalled the condenser — that is, until there was «o 
difference. 

Tiie following method was used for adjusting the trial-plate to 
equality with the condenser under examination : — 

In fig. 21, let B he the condenser, T the trial-pIate. One 
coating of each was connected to earth, and the other coatings 
together to the knob of a charged Leyden jar. 

^y being connected to the same jar, bath condensers were 
charged to the same potential, and therefore the charges * andy 
in each were simply proportional to their capacities. 

After the charging had gone on for about two seconds, the 
connections were altered to the arrangement of fig. 22 by a 
convenient mechanical contrivance, consisting of a system of 
strings and wires supported on a wooden frame. 

This we see sends the charges +^ and —as to earth, hut com- 
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bines the charges ^a* and —jr. A pith ball electrometer (page 
31) is attached to the connecting wire. 



JAR 




JAR 



F I G . 23. 




If the capacities of B and T are equal, we shall have llie 
charges equal — that is, j* c=y and (+ rf*) + ( — jr) = — that is, 
the algebraic sum of the 
equal and opposite charges 
will be zero, and the pith 
balls will not diverge. 

If the pith balls diverge 
with { + ) electricity, it 
will show that the capacity 
of B is the lai-gest, and 
that of T must be in- 
creased. ! 

If they diverge with ji 

(-) electricity, it will LTf_ I'-^^l 

show that the capacity of 
T is the largest and it 
must be decreased. 

In practice it was 
found better to have two 
trial-platesy T and T, and 
by separate experiments 
to make T of just less ^ 
capacity than B, and IV S 
of just more. The mean 
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oF the capacities of T and T* was taken as t!ie capacity of B. Thia 
was becauee the electrometer was more BeDBitive when slightly 
diverged than when collapsed. 

CouPARisoN OF Trial-Plate and Sphere. 

T)je comparison of the trial-plato and sphere was made in on 
esactly similar way. 

The splipre A (figs. 2^5 and 24) took the place of the upper 
coating of the onUeneer B, and the walls and floor of the room, 
which can always be considered to he connected to the earth, 
replaced the lower coating. The arrangement for charging was 
then that of (ig. 23, and the charges + irand — _ji were combined 
by connecting, as in fig, 24. 

The student should compare these figures with figs. 21 and 
22. 

Spreadish op Electricitt. 

Some difficulty was experienced in determining the diameter 
of the charged surface, for it was found that the electricity 
ipread a little all round the edges of the tinfoil, and that there- 
fore in the calculations it was necessary to suppose the tinfoil to 
be somewhat larger than it really was. 

The amount of correction to be applied was determined by 
comparing whole discs of tinfoil with others in which there were 
numerous slits cut. The "whole" and "slit" plates were ar- 
ranged to be of the same actual area, but of course the slit one 
bad a very much greater length of edge. The ratio of the capa- 
cities of the "slit "and "whole" condenser gave the ratio of the 
areas of the charged surfaces — that is, the ratio of tlie areas of 
the slit tinfoil and electrified space round its edges, to the whole 
tinfoil and electrified space round its edges. 

Prom these data the actual area of electrified surface could be 
determined.* 



h „ silt one. 

M the ratio of the eharg'm. 

N the ratio of a to b — that is, the ratio of thn lengthaof tha ei 
Then A, M, N are hnuwo by experiment, aad we have to find a, 
WebHve 

M = ^^ or M (A + 6) = (A + a). 
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Cn^'emlish foatid that the efTect of the instantaneous spreading 
of the electricity was about the same as if tlie tinfoil plates had 
extended ^^ inch in eveiy direction, when the thickness of the 
glass was about ^ inch, and about yjj- when the thickness was 
ubout -^. 

The ExPKni stents. 
I By the use of a mathematical formula,* Cavendish coinput«d 
"lat ratio the charg;e of each condenser should have borne to 
^t of the ^lobe, if air had been substituted instead of g'lass, 
I the dielectric. He then compared the charges esperimen- 

pTlte ratio of the "observed charge" to the "computed 

pigs " is, if the formula is correct, the ratio of the capaci- 

ind air — that is, the specific inductive capacity of 

r to test the formida, the sphere was compared with an 
"sir cotideDser" consisting of two brass plates fixed parallel to 
each other with only air between them. It was then found that 
the charge of the plate condenser was about -^ greater than it 
should have been, according to the formula. This ditfcrence was 
no doubt caused by the action of the walls, &c,, of the room. 
The theory requires an infinitely large room; the actual labo- 
ratory was only about 16 feet square. 




I 



,, (M _ 1) A = 



6 = j^; sobstituting we lin' 






1 - 
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* According to ttieoiy, the enpncity of an air condenser coDiisting of flit 
panllel ciri'Dlar plates of eqaal dEamel/^ra ia eqaal to thatof an iiujiated globe, 
whose diameter eqosls tlie square oE the radiaB of ettLT plute divided bj 

e the diitsnce between tlaem. 
Lin modem Ungnnge, the OBpaeltj of nn isolated a ph ere isequnl to itaradliu, 
le citpacity of > pinto condenser where r i« the luenn of the radii of the 
t, and a thair disLioue apart, ia eqiinl to tliat ui a isphere of ladioa r, 
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In tlie following tables the "computed charge" has, if I 
rightly understand tho paper, been calculated on the supposition 
that no such difference exists. The excess of the observed 
charge over the computed charge is due, I thinlf, partly to tlie 
difference of specific inductive capacity between air and glass, 
and partly to the difference in the shape of the condensers. The 
ratio of observed charge to computed charge is the proportion 
in which the capacity would have been increased by the substitu- 
tion of glasa fur aJr, and by the substitution of a flat condenser 
for a spherical one. 

If my view of the paper is correct, then the observed charge, 
divided by the computed charge, is the specific inductive capaci^ 
of glass v:hen (hat of air h taken as \l. 

To obtain the true epeci^c inductive capacity of glass — that is, 
the capacity of gloss when that of air is taken as I'd — we muBt 
diminish the numbers in the proportion of 11 to 10 and say. 

Spec. Ind. Cap. = 12 . "baoT^d charge 
II Doinputed cburgo 

The following is the result of Cavendish's experiments on 
plates of glass, shellac, and bees-wax, as given in Prof, Maxwell's 
edition, and I have added a column in which the above correction 
is applied ! — 

Table ok Glass Putes, 
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The coatings of all these plates were circular. 

In computing the charjje of the glass plates, the diameter of 
the coating was corrected on account of the spreading o£ the 
electricity as in the fourth column, the electricity being supposed 
to spread "07 of an inch if the thickness is '21, and '09 if the 
thickness is '08, and so on in proportion in other thicknesscB. 
But no correction was made in computing the charges of the 
other plates, as the experimenter was uncertain how much to 
dlow. 

Cavendish gives the following account of the method used for 
making the plates of lac, rosin, and bees-wax. " I first cast a 
round plate of the substance, three or four times as thick as I 
intended it should l>e, and rather thinner near the edges than 
in the middle, taking care to cast it as free from air bubbles as 
I could. 

" I then heated it between two thick flat plates of brass, till it 
was become soft, and then pressed it out to the proper thickness 
by squeezing the plates together with screws. In order to prevent 
its sticking to tlie brass plates, I put a piece of thin tinfoil 
between it and each plate, and I found the tinfoil did not stick 
to it BO fast hut what I could get it off without any danger of 
dunsging them. 

" The beat necessary to melt shellac is so great as to make 
it froth and boil, which makes it impoBsible to cast a plate of it 
free from air hubbies. The plate mentioned in the preceding 
table was as free from them as I could make it. It contained, 
however, a jjreat quantity of minute bubbles, but no large ones. 
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" Bees-wax melts with a heat of about 145° Fahr. If il la tben 
heated to a degree rather greater than that of boiling water, it 
fftths very much, and seems to lose a good deal of watery matter ; 
and if it is kept ut this heat till it has ceased frotbiug, \i, will 
then bear being healed to a much higher degree without frothing 
or hoiiiug, Uees-wojc thus prepared I call dephlegmated. 

" In order that the plates of dephlegmated bees-wax should all 
be equally so, I dephlegmated some bees-waTc with a pretty con- 
siderable heut, and suffuicd it to cool and harden, and out of this 
lump I made all three plates, taking care in casting them not to 
heat them more than necessary, 

" I used the same precautions also in casting the plates of a 
mixture of rosin and hees-wax ; the proportion of the rosin to the 
bees-wax was forgot to be set down. 

"What are called in the table the 4th and 5th plate of rosin 
and bees-wax are in reality the same plate as the Si-d, only witha 
smaller coating." 

Cavendish goes on to sny, " It appears from these experiments, 
first, that there is a very sensible difference in the charge" of 
plates of the same dimensions according to the different sort of 
glass they consist of, the charge of the plutes and Q, which - 
consisted of greenish Ibreign plate glass being the greatest in 
proportion to their computed charge of any, next to them the 
croivn glass, and the flint glass being the least of all. 

" Secondly, the charge of the lac plate is much less in pro- 
portion to its computed charge than that of any glass plate, and 
that of a plate of bees-wax, or of the mixture of rosin and bees- 
wax still less. 

"But it must he observed that there is a very considerable 
difference between the three different plates of dephlegmat«d 
bees-wax in that reepect. The same thing, too, obtains in the 
mixture of rosin and bees-wax. 

"As the proportion of the real charge to the computed [the 
specific inductive capacity] ia greater in the thick plates than 



the thii 



emig, 



'ht be inclined to think that thii 



was ownig 



to the electricity being not spread uniformly. But as the 
difference seems to he greater than could well proceed from that 
cause, 1 am inclined to think that it must have been partly owing 
to some difference in the nature of the plates. Fcrhnpa it may 
* Here the choice is proportiouRl to the Sppcilic luductiTe Cupvity. 
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bare been owing to some of the plates having Wen less healed, 
and consequently havinjf suffered a greater degree of compression 
in pressing: out thun the others. 

"The piece of ground crown glass mentioned in the first of 
the foregoing tables was made out of a piece of crown glass 
about J of an inch thick, and ground down to the thickness men- 
tioned in the table, care being taken by the workman to take 
Mway as much from one side as the other, so that the plate con- 
eisted only of the middle part of the glass. 

"My reason for making it was that as there appears to he a 
considerable difference in the charge of diflerent sorts of glass, it 
was suspected that there might possibly be a difference between 
the inside of the piece and the outside, and if there had, it would 
have aS'ected the justness of the experiments with the ten pieces 
of glass ground out of the same piece. 

" But by comparing the charges of the plates of crown glass 
iirith those of the two other pieces of crown glass in the table, 
there does not seem to be any difference which can be depended 
OD with certainty. 

"The experiment indeed would have been more satisfactory if 
the piece of ground glass and the pieces with which it was com- 
pared bad been all made out of the same pot. But as it would 
have been ditlicult procuring such pieces, and as I have found 
very little difference in the specific gravity of different pieces of 
crown glass, and as I am informed it is all made at the same 
glass house, I did not take that precaution." 

Cylinduical Condensehs. 
Cavendish also made some experiments " On the charges of 
ench Leyden vials as do not consist of fiat plates of glass." 

"These experiments were made with hollow cylindrical pieces 
of glass, open at both ends, and coated both within and witbout 
with pieces of tinfoil surrounding the cylinder in the form of a 
ring, the breadth of the ring being everywhere the same, and 
the inside and outside coatings being of the same breadth, and 
placed exactly opposite to each other. Only as the inside 
diameter of the two thermometer tubes was too small to admit 
of b.>ing coated in this manner, they were filk-d with mercury by 
if inside coating, 
be thickness of the glass was found bv suspending the 
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cylinder by one end from a pair of scales, with its axis in 
vertical position, and the lower part immersed iu a vessel of I 
water, and lindiug the alteration ol' the wdght of the cylinder J 
ai'cording as a greater or less portion of it was under water, 

" The result of the experiments is contained in the following 1 
tahle :— 
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He adds tliat : — 

" The lengths of the coating here set down are the real lengths. 
But in computing the charges of the white jar and cylinder and 
the three green cylinders, these lengths were inereased on aeoount 
of the spreading of the electricity according to the same supposi- 
tion as was used in computing the charges of the flat plates. 

" But in computing the charges of the thermometer tubes no 
correction was made, as I was uncertain how much to allow, but 
as the length of their coatings is so great, this can hardly make 
any sensible error." 

In these experiments we must take tlie observed charge by 
computed charge to be the specific inductive capacity, as 
Cavendish made no accurate experiments on the capacity of 
cylindrical air condensers. 

Effect of Tempeeaturb. 

Cavendish also experimenteil on the effect of temperature on 
the specific inductive capacity of glass, and found that at £96" 
Pahr, the glass conducted pretty freely, hut at 305° Fahr, mncb I 
faster. He also concluded that the capacity was coDsi'Ierably 
increased when the glass became conductive, but that until then 
there was no sensible difference. 

Effect op ViniATioN of Chaiigb. 
Cavendish also made some experiments to determine whether 
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sp«ciCc inductive capacity varied at all witli electro- motive force, 
liut within tlie limits of his experiments lie could detect no 
difference.* 

EXPEBIUENTS OP FaRJDAT. 

Before describing the more modern experiments, wo must 
mention that the researches of Cavendish remained unpublished 
until September, 1S79, and that neither Faraday nor any other of 
the experimenters, whose work we are aljoiit to notice, even knew of 
tbeir esistence at the time when their experiments were made. 

On November SO, 1837, Faraday communicated to the Kojal 
Society a paperf " On Induction," in which he announces the 
discovery (or, as we now must sny, the re-discovery) of Specific In- 
ductive CajHicity, and describes methods of measuring it, aud the 
results obtained by him for glass and other substances. 

His apparatus consisted of two exactly 
similar spherical condensers of the sliai^e 
sbown in fig. 25. 

The inner coating of each consisted of 
a brass ball {A) 233 inches in diameter, 
and the outer one of a hollow brass sphere 
(B) whose internal diameter was S'o7 
iDches. This left a space of 0C2 inch be- 
tween the outer and inner surfaces. 

The inner ball was supported by an in- 
sulating stem {() of Ehellac, inside which » 
wire passed up from the ball to a little 
knob (a) outside. 

Tlie outer sphere was divided at its 
equator, and the two halves could be sepa- 
rated for the iutroduction of various 
dielectrics. 

Different giises could be admitted by 
means of the tap E, ' ''' ' 

The space between the balls could be filled with ditfereut insu- 
lators, aud we see that by keeping one apparatus full of air, 
aod filling the other with any other substance, we should have 

• This point is slill nnsettlrf. Feb. 18*). 
t £jy. &a. Ufil. vol. i. p. 360. 
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two condensers exactly eimilar, except in the Dature of their 
dielectrics. 

In practice it was found more convenient to make the dielec- 
tric iu the form of a Awn i- spherical cup, and having measured its 
effect to calculate what the effect of filling the whole space would 
have been. 

The following was the method of working: — The two con- 
densers were set side by side with their outsides connected to 
eorthj and one of them was chai'ged with electrit'ity. The poten- 
tial of the charge was measured by means of Coulomb's torsion 
balance.* 

The insides of the two condensers were now connected together 
and the potential measured again. 

We know that, if two condensers be connected together, the 
charge will divide between them in direct pi-oportion to their 
capacities; and also that, if half the charge be taken away from 
any condenser, its potential wilt be one-half what it was before. 

If therefor* the second condenser is of the same capacity as 
the first, it will take esactly half the charge, and the potential, 
afler divmon, mil be one- half what it wat be/ore. 

If however the second condenser were of greater capacity 
than the first, it would take more than half the charge, and the 
potential, after division, would be less than half what it wag 
before. 

If the second condenser were of less capacity, the potential 
would be more than half. 

The Eipebiments. 

Some preliminary experiments were made, with both condensers 
full of air only, in order to test their equality, and then a Iiemi- 
spherical cup of shellac was placed in one apparatus, and the 
other left full of air. 

In order to compensate the eflects of leakage, the air apparatus 
and the shellac apparatus were alternately charged first in dif- 
ferent experiments. As the effect of leakage would in the 
case be to make the capacity of the lac apparatus too high, and in i 
the other too low, the mean of the two experiments would bo j 
very nearly unaffected by it. 

The results of the first two experiments were — 
• PacB 33. 
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After many other experiments, Faraduj' came to the conclusion 
that tbe ratio of the capacity of the sheliac condenser to that of 
the air condenser was almost exactly lo. 

From this result Faraday calculated that, if the shellac bad 
eotirely filled the coodeuscr, the ratio would have been at least 
2't) — that is, that the specific inductive capacity of shelliic is 2 0. 

Faraday experimented on other substances, and the folloiriug 
is s talile of his results :— 
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Gases. 
A very long and careful eeries of esperimenta was made on 
gases. No less than twenty-five pairs of gases were compared. 
Comparisons were also made between air, damp and dry, hot and 
cold, and at high and low pressures, but in no case was Faraday 
able to detect any difference at all. 

Othek Ex pee I bents. 

After Faraday's experiments, the subject of Specific Inductive 

Capacity remained untouched till 1S71, when Messrs. Gibson 

and Barclay published a paper on it. Since that date hardly n 

year has passed without some addition to our knowledge. 

Msssim. Gibson and BincLAir's Experiments on Paiuftis.* — 
Plates VI. and VII. 
The chief instruments employed were — 
(1.) The Quadrant Electrometer, White pattern, (page 38). 
(2.) The Platymeter. 
(3.) The Sliding Condenser. 

Th8 Platymeter. 
The Platymeter consistA essentially of two condensers of equal 
• PhiL TranM. 1S71. p. 573. 
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capacity of cylindrical form, tlie inner coaductom of which are in 
tnetallic connection. 

It is shown in Plate VI. fig. 1, where it will be seen that the 
two inner conductors form one cylinder, c ; the outer conductors 

are the two short cylinders,^/?, /I'y. 

Method op 'WoEKrNa. — Plate "VIL, fig. S. 

Let one pair of quadrants of the electrometer be conuected to 
earth, aud the other pair to the conductor, cc, cooimou to hoth 
condensers of the platymeter. 

Suppose one of the outer cylinders, pp, to be chnr^d positively. 
It will induce a charge opposite to its own on the cylinder ee, 
and one similar to its own on the quadrants. Let the quadrants, 
still connected to the cylinder, be connected to earth, and then 
again insulated. Then the positive will have escaped, and the 
negative, being attracted by the positive on the outer cylinder, 
will produce no effect on the electrometer as long as the indue* 
tion from the outer to the inner cylinder remains unaltered. So 
there will he no deflection. 

Now let the two equal and similar outer cylinders, ^^, ^'ju', be 
connected. 

'file inductive effect o^pp on ee is reduced to one-half, for jjjd 
has lost half its charge; but,at the sametime, /)'/)' having gained 
half the charge n^ pp, will exercise an action eiactly equal and 
similar to that of pp. So the sum of the actinnB of the two 
half-chargcdcylindurs,;!^), /)'/)', on cc, the inner cylinder, will be 
exactly tlie same as previously was the action of the one fully 
charged cylinder j7 /I, and so there will be still no deflection of Uie 
electrometer. 

Thus we see, as long us the capacity of the two condensers, 1 
pp and part of cc, aaH p'p' and part of cc are ecjual, there will be 
no deflection. 

If now we repeat the experiment with two othi-r condensers 
added to pp and p'j)' respectively, there will still he no defleO' 
tion if the two new condensers are equal ; but if they differ, the 
needle will move.* 

• If the [lUtynitfter had not been usL-d. ILb two new condenner* could only 
Liive been cDtii[)iirvd by chKrgiog them tu cquiil and opposite potential! bj 
iiieani or a very large battery. WiLb the platyiUGter bd Electric mMhiiM or 
Lejdeu jar cud be uied. 
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!f a condenser whose capacity is a fiied qaantiU- be connected 
fipp, and one of variable capacity to j> 'p', then, if we vary the 
latter till there is no deHectioa, we shall know that we have 
adjusted the two new coDdensers to equality. 

A condenser of fixed capacity and whose capacity could he 
easily calculated, aud having air for its dielectric, was made by 
fixinga metal ball of known radius inside another (Plate VII., 
fig. 4) whose radius wi.s also known.* 

_ This was attached to one of the outer cylinders^j), and a con- 
Bieer of variable capacity, called " the sliding condenser," was 
icbed to the olher, jb'jd' (Plate VII., fij. 3). 
!^e sliding condenser having been adjusted to equality with 
B known fixed condenser, its scale was read and noted. 
(The fixed air condenser was then removed, and another one, 
e dielectric was the dielectric under examination, was sub- 
buted for it, and the sliding condenser again adjusted to equality 
Bthit. 

It is clear that the ratio of the two capacities of the sliding 
condenser is the same as the ratio of the capacity of the air con- 
denser to that containing the diclcctria which is being experi- 
ttedoD. 
Tbb Slidino Concenskr. 

Tlie sliding condenser Is shown in Plat« VI,, fig. 2. 

It consists of a fixed insulated tube, a a, and another, e e, which 
can be slid inside it. When ee and a a form the two conductors 
of a condenser, the capacity of the condenser is greater or less 
according to whether more or less of e ; is inside a a. 

tThe tube ii merely acts as a support for the eliding tube ee, 
d carries the scale by which the position of «« is read. It has 
'.electrical use, and is kept connected to earth. 
The shaded part o£ ee is weighted, and it slides on four brasa 
A,ff, inside l/b. 
The value of one scale division of this was calculated — that is, 
J alteration of capacity which would be caused by moving it 
one division. This can be calculated when we know the radii of 
the two cylinders.! The whole capacity of the sliding condenser 
could not be accurately calculated. 
• PagB 6S. 
t Iiet r be the riJia* of the iauer cylioder, t" that of die outer one, { the 
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It could tlien be determined how inanj ECnle divisions wi 
equal to the capacity of the spherical condenser — that is, ho^ 
mucli the eliiliiig condenser would have had to be moved 
brin^ the needle back to zero, if, after equilibrium had been 
CBtablished, the capacity of the epherical coud^nijcr bad been Bud' 
denly doubled. 

This being known, the ratio of the capacilg expreatei ly 
icale reading to the capacity ej-pressed hy another ia at once km 

The PAEAFfiN Condensers. 

e pi'epared Laving paraffin instead of 



Bud- 

i 



Condensers 
dielectric. 

One consisted of a flat circular brass box, inside which a brass 
disc was supported on three ebonite pins; melted paraffin, being 
poured in, solidified, filling the spaces between the disc and the 
box. Owing to some defects in this condenser, another was con- 
structed, consisting of two concentric tubes (Plate VIL, fig. 5), 
the space between which was filled with paraffin. ] 

The parafGn condenser being substituted for the nir condennfl 
the sliding condenser was adjusted to equality with it. * 

A comparison of the two scale readings of the sliding con- 
denser gave the ratio of the capacities of the air and paraffin 
condensers, and from this result the specific inductive capacity 
of the paraffin could he calculated, allowing for the difft 
shape and size of the air and paraffin condensers. 

Rlsults. 

The results obtained, after making various corrections, were,— 
From experioaents on the disc and box paraffin condenser— 

Specific inductive capacity of paraffin =. 1'975 ; 
from experiments on the cylindrical paraffin condenser — 

Specific inciuotivB opacity of paraffin ^ l-fl77. 
The latter value is adopted by the authore. 
The density of the paraffi 



n at IIX. was -flOSO. 



length of ona scale division, L c tlio ohnnge of capacity caused by movit 
cylinder one sonle diviiiioQ, Ihcn it can b« sboivu njalbemalically tliat 
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BOLTZKANS'S EjPEaOIENTS.* FlEST MrTHOD- 

In 1874, Prof, BoltzmaDn published an account of some det«r- 
minstions of specific inductive capacity. One of liis condensers 
consisted of two circular parallel plates insulated from each 
other, and inount«d in vertical planes on a sliding stand which 
waa gisdnnted so that their distance apart might be known. 

In thb various dielectrics could be placed. The distance of the 
phit«s was usually so adjusted that they did not touch the 
dielectric. 

When a plate was inserted, the capacity of the condenser was 
determined experimentally, and from it the specific inductive 
capacity was determined by the following formula: — 

Let ffl be the distance apart of the plates, « the thickness of 
the dielectric, and E its specific inductive capacity. 

Tlien, when there is ouly air between the plates, the capacity 
will be inve^ly proportional to m, the distance between them. 

If we now fill the space between the plates with the dielectric 
of epeci6c inductive capacity K, we shall produce the same 
increase of capacity as if we had reduced their distance from 

M to ^, and the rsitio of the two capacities would he m to ^ 

—that is, K to 1. 

When however the dielectric has only a thickness «, it displaces 
a plate of air of thickness n, and substitutes for it a plate whose 
eOect is the same as if the stratum n had been diminished to a 



* The capacity will then be increased as if the plates had been 
lirougbt nearer by a distance n, and then separated by a (lesi^) 
distance -r^, and it will be inversely proportional to 

and the ratio of the capacities will be in the inverse ratio of w 
to the above espression, thus — 



• Carli BtptHoriam, a. p. 109. anJ Wiener Silsungtber.. IM. Uvli. 
part ii. p. 17. 

t Comparo p«gE 111. 
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Ab m, », and mtio of capacities, are known quantities, K < 
easily be calculated from this eqnatioD ; for if R be the ratio o 
the capacitiee, it gives us, by onliniiry algebraical transformatioi^ 




Tiie fact tliat the capacity of the air condenser wne inverselj 
lis the distance of the plates, and was not aifected by an]! 
disturbing cause, was carefully tested experimentally. 

The Electbouetek and EArreRV. 
A TbomEon Electrometer and IS DAniell c 

The ExpEniMENTs. 
The comparison of the capacities of the condensers n 
as follows : — 

(1) The battery was connected directly to the electromel 
I' and the deflection noted. 

^^ (2) One plate of the condenser witb only air in it was 

^H attached to the battery, and the other to earth, 

^^k (<i) The charged condeDser plate was separated from the 

^^1 battery and connected to the electrometer. 

^H The deflection was now smaller than in (1), and from the 

^H difference tbe ratio of the capacity of the condenser \a that of the 

^H electrometer could be calculated.f fur the charge divides between 

^1 thera in the inverse ratio of their capacities, 

^B AH three processes were now repeated with a dielectric 

^1 inserted, and this gave ratio of "dielectric" condenser to 

^1 electrometer. We now know ratios of capacities of 

L 



Tbat is 



.0 of capacities eqnala 




Eiectrometec Klectrouii-ter 

The ratio of these two ratios is the ratio of the capacity of 



• Chapter XVIII. 

t For tbe ratio or the deflections \% inTersel; aa capacity of electrometer 
capidiCy of electrometer and coadenser togetber. 

Writing D E and D C for the eleclrometer and condenser deflections 
reBpectively, and C E and C C for tlieir cnpacitiei. we huve 
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the air condenser to that of the " dielectric '' condenser — that 
is the quantity R in the formula (2), page 88. 
The experiments were carried out as follows : — 
Part 1. — A wire DC, fig. 26,* was connected to the electro- 
meter^ and three other wires, 1. 11. iii., connected as shown, 
were arranged so that they could be made to touch D C when 
required. 

Before commencing an experiment, i. was lowered, which 
discharged the electrometer. Then i. was raised and 11. lowered. 
This charged the electrometer direct from the battery, and the 
deflection was noted as " battery result.'' 
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Then 11. was raised, and i. lowered and raised, and the apparatus 
was ready for the next part of the experiment. 

Part 2, — ^The dielectric being removed, ill. was raised above 
its mean position so as to charge the condenser, in. was then 
lowered so as to connect condenser to electrometer. 

The deflection was noted as " air-condenser result.'' 

Finally, Part 2 was repeated with the dielectric inserted, and 
the deflection noted as " dielectric condenser result." 

In order to make sure that there was no accidental electrification 
of any part of the apparatus, 11. was connected to earth, and all the 
movements repeated. When this could be done without any 
deflection being produced, it showed that there was no accidental 
charge. 



* The parts of the wires above the spirals are supposed to be fixed. 
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Ddbatiok of the Chakbinq. 

The condenser and the electrometer remained in contact loi^ 
eoougt to allon' the deflection to be rend, iind then both wa; 
discharged by sinking I. 

For quicker experiments an arrangement of epriugs (iri 
shown) was attached to in,, by wiiich it was made to touch on 
earth wire instantly al't«r both ite top and bottom contact. 

To test the elTect of absorptionj experiments were made, firet as 
quickly as possible, so tliat the contacts only lasted a fraction of 
a second, and then slowly, so that each operation lasted from one 
to two minutes, but no difference in the results could be 
perceived when good insulators were used. 

Again the condenser was ebarged for a long time, 
discharged for a moment, and then connected to the electromet 
but no residual charge could be observed. 

QoiCKSILVEtt COKDENSER. 

To try the case where there was no air in the condenser- 
is where the plates were in metallic contact with tlie dielectric— 
"quicksilver condenser" was constmcted. 

The plat« was laid in a dish containing mercury, and n 
poured on its upper surface, a paper rim being attached rounj 
the edge to prevent the mercury running off. The results wei 
found to agree with the former ones. 

Impeefect Insdl&toks. 

Finally, some imperfect insulators, such as glass, gutta-percl 
etearine, &c., were tried, but these were so much afi'ected I 
chaDges in strength and duration of the charging that no com 
sisteat results could be obtained. 

Hesdlts. 

The following determinations were made : — 

DIe]«aia. Spedflu Iiiddrti*« Capk 

EbuDite 316 

Paraffia 232 

Sulphur 3-84 

Iteiin 2'55 

BOLTZMANH'S SbCOND MetIIOD.* 

On July 2i, 1373, Professor Boltzmann read before the Vienni 

* Expert men (al-Untenachang uber di« electroeUti&che FcmwiiklU 

diclcctriivber Korper. Wiener SitznngHber., BJ. Ixriii. pnrt it, p. SL 
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Academy a paper on " the electrostatic Far-worfcing of dielectric 
bodies," in which be investigates the qaestion of specific induc- 
tive capacity from an entirely new point of view. 

If an undectrified metal ball lie suspended by a long fine 
thread, and be attracted by a Bied charged metal bull, the amount 
of attraction will depend only on the sizes of the balls, their dis- 
tance apart, and the Btrcngth of the charge ; and can be calculated 
by known mathematical methods. 

If a bail of some insulator, sueh as sulphur, be substituted 
for the suspended metal bull, the attraction will depend not only 
on the distance and sizes of the balls and on the charge, but also 
on the specific inductive capacity of the sulphur. 

From a comparison of the atlrsctious on a metal and on a 
salphar ball, under the same circumstances, the specific induc- 
tile capacity of the snlphnr can be calculated. 

The present paper consists of accounts of a scries of ezperi- 
menta in which the attractiuns exercised on met^l balls were com- 
pared with those on balls of various dielectrics. 

The firet method used was not very accurate, but as it was 
Eimple we will describe it in order that we may more easily 
anderetand the more complicated methods which were developed 
oat of it. 

The "metal ball" und the "sulphur ball" were each 7 mil- 
lims. diameter, and were suspended 90 millims. 
apart by threads of nnspun silk, each 2 metres long 
(fig. 27). 

A charged metal ball, which we shall in future 
call the "working ball," of 26 millims. diameter, 
ttas placed exactly half-way between them. Both 
enspendcd balls were electrified by induction, 
attracted with forces depending on the inten- far '' I ' l ' i ' ; Tt 
of the " Far-working" on each ball. 
In order to measure the attraction, a scale was 
placed behind the threads, and the positions of 
tlie latter on it observed by means of two micro- 
scopes.* As tiie deflections were very small, the 
attractions were taken to be proportional to the number of 
divisions passed over by the threads. 

• IiMierling the " working ball " wt the threads swinging. The limits of 
rwing were obKrved, and tlieir mean taken as the deflected poeition. 
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The ratio of the deflections was written down as 

F orce on metal ball 
Force on salphur ball' 

and was called E. 

As the attraction of the metal ball was always the greatest, E 
was always greater than unity. 

In order that the weights and volumes of the two balls might 
be exactly equal, they were both made from the dielectric under 
examination, but the one chosen for the metal ball was either 
gilt, or covered with tinfoil. 

The first experiment was made with sulphur, and the result 

was— 

■g _ Attraction of metal ball _ ,.qq 
Attraction of sulphur ball 

Professor Boltzmann shows that K, the specific inductive 
capacity, can be calculated from E by the following mathematical 
formula : * — 

which gives 

Tr — E + 2 

Thus the capacity of sulphur, as calculated from the first rough 
experiment, would be 

E = l-90 

•90 

The experiments were repeated with the working ball charged 
positively and negatively alternately. 

These experiments were affected by several causes of error. 
The chief defect of the method is due to the fact that its accuracy 
depends entirely on the accurate placing of the working ball 
midway between the suspended balls, and this is an extremely 
difi[icult adjustment to make. 

• Prof. Boltzmann first calculates the attraction of a ball of any dielectric, 
and obtains an expression involving K. He then obtains the attraction of a 
metal ball by putting K = oo in bis formula. Dividing one expression by 
the other, be finds that the ratio £ is equal to 

^ (1 + a very small quantity). 

See Appendix to this chapter, p. 135. 
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Tite suspended balls were rou^bly made and were mach dis- 
turbed by carrents of air. The silk threads by wbich they were 
SDspeaded were also not very ^od insulutors. 

For these reosuns Professor Boltzmann moditieil bis method 
of proceeding as follows : — 

lUP&OrED MkTHOD — ISSTRI'IIEXTS. 

The balls, instead of beinij siiuply hung by tbi-eiids as in fig. 
27, were attached alternately to the same point at the end of the 
arm of a torsion balance, and the attractions calculated from the 
respective deflections. 

The torsion apparatus is shown in fig. 2S. Its arm consists 
or a stiff wire E F G H, to one end of 
which the sulphur or metal ball L is hung 
by two fine threads attached at the points 
GH. 

At the other end of the arm is a mir- 
ror, », in which the deflection is observed 
by means of a scale and telescope.* 

The arm is suspended by a bifilarf • 
arrangement from the [Kiints A B. M is "■ 
the working bull which attracts the bull 
1, and it is connected to a Leyden jar. 

To protect the arm itself from the 
action of the electrified bodies, it is en- 
closed in a triangular conducting case of 
gilt paper, connected to earth. 

The case is shown dotted in fig. 2H, and 
solid in 6g. 29. 

The apparatus ii 
of fig. 29. 

As the metal and suljihur balls are placed alternately and not 
simultaueouely at L, it is necessary to know that the potential 
of the working ball remains constant throughont the experi- 
menls. For this pur[>ose a separate electrometer, shown on the 
lett oi fig. 29, is used. A metal ball, P, at the end of a suspended 
metal rod, is attracted by a fixed ball, E, in metallic counectiOD 
with the working ball M. 

* Thin inelhod of ubservBtion differs sligltlj from the " lamp and scale" 
method already dncribed. See Chapter XIV 
t SMp»KM'37and 43. 




Fig. !a. 
inted OQ a stand, as in the right-hand side 
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P* is meri'ly a counterpoise. Tlie rod P P' is connected j 
earth by a wire ending in a platinum pinto J, which dips ini 




jar of dilute sulphuric acid. Another wire connects the jar to tn 
nearest water-pipe. The plate J helps to check the oscillatioi 
of tJie arm P P'. 

The deflection of P P' \& read \>j means of a mirror S'. 

M and It can be charged with electricity by means of 1 
wire T. 

To protect the suspended anns from currents of air, the wliol 
apparatus is, when in work, covered with a glass case with \ 
plate glass front, throiigh which the mirrors can be observed. 

It was not found Decessary to keep the potential of M absg 
lutely constant, as, (mm the deflection of P, small diilercnces ^ 
the potentials in different experiments could be calculated aiN 
allowed for. 

In the actual experiments the deflection of the arm E F G ] 
was iii-st observed with a sulphur ball at L, then with a metij 
one, and then with a sulphur one ajjain altern.-itely. 

A door in the side of the glass case enabled tbe balls to \ 
changed, and a little clamp at C (lig. 28] held the arm stead 
while the exchange was being made. 
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In case of tbe lall aad ibe some mfi ^ch# KiIuMng, rhe ivhI 
could be slid Umwigli Xut bobk is /. 

KsGruLnox or tbx, C&lsgl 

In Older to regulate the ciw^, tLe amngODest of fig. SO 
used. 




A Leyden jar, Y, was attached to the balls M R, and was 
connected by the wire W to a " discharging electrometer," U V. 

DiscHxaGixG Electsomitbr. 

This consists of two insolated metal balls, U Y (fig. 30), whose 
distance apart can be adjusted by a screw. If sparks be passed 
from one to the other^ it is found, other circumstances being the 
same, that for any given distance, the quantity of electricity 
which passes in one spark is approximately constant. 

Method CoxxixrED. 

A charged jar Z is connected to the ball V by a wire X, and 
one or more sparks allowed to pass. The potential to which 
the balls M R are charged is proportional to the number of 
sparks, for it is equal to the quantity of electricity which has 
passed, divided by the capacity of the jar T and the wires and 
balls M, R, T W, U. 

Short Charges. 

For trying the effect of charges of ver}' short duration, the ar- 
rangement of fig. 81 was used. The wire W was broken at a A, 
and the ends a h supported mercury cups, 
which could be connected by means of a 
bent wire c. e was attached to a pendulum, 
and made and broke the contact alternately 
at short intervals. 

First contact was made at a b, and tbe 
balls charged by passing a spark between U V ; then contact 
was broken at a b, and U connected to earth. 




Fig. 31. 
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Then contact was made nt a b, which dischargpd the \ 

apparatus. All these operationB took rather less than -^ sccoiu 

Rapid alteunate Charges. 

In order to alternately charge the Ijalls M and R witli (-j 
and (— ) electricity, a wire ^ (fig. 3i} was led fj-om them to | 




lar^ taiiing-fork rf vibrating ISO times per second. A inet^ 

plato e, attached to one end of the fork, touelied alternately two 
wires h and /, leading respectively to the ( + ) and (— ) poles of 
a Holtz machine. Two Leyden jars, r and «, kept the supply of 
electricity tolerably constant. 

In order to prevent an accumulation of either one kind of el^^ 
tricity, the wire j was connected to earth through a long a 
very fine glass tube, « v m, filled with distilled water- 
allowed any permanent charge to slowly escape; but, 
reason of its very small conducting power, did not pere 
tibly diminish the effect of any one of the alternating charg 
in the -j-J^ part of a second during which they lusted, 

Castisq tub Balls. 

The balls of sulphur and other fusible substances were very n 
fully cast in a kind of bullet-mould, and very slowly cooled in ord 
that there might be no cavities. In order to prevent the balls 
sticking, the inside of the mould was previously rubbed with n 
little oil, or, in the case oftbe resin balls, wetted with a little 
distilled water. J 

The resin balls were not wiped, but the water was allowdfl 
to evaporate from them. ^ 

The sulphur halls were carefully cleaned, and then any eleo- 
trifcation which they might have acquired by friction was dia- 
eharged by passing them through the flame of a spirit lamp. 
Sometimes the balls were discharged by being bung up for | 
long time under a hcll-glass. 
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*^he ebonite balls were turnud in a lathe. 

■*■ ^Vc bulla of each Eabstance liavinij been selected of as nearly 
"* r*«:>f»ible equal weifjbts, the heaviest was chosen to be the 
*' ttiejtal ball," and fine holes were drilled in it until it was exactly 
'^^ t-he same weig-ht as the other. It was then gilt by being 
covered with gold leaf. 

COHUECTIOSS.* 

The efiect of changes in the potential of the working 
"^•\V was allowed for by nutiiig the deflections of the arm 
P I*'_ 

The corrected deflections o[ the balance were set down as 
^«?*inced attractions." 
I^ was found that slow conduction by the silk threads intro- 
' ''^'^■ci errors into these experiments, and therefore threads of 
'''*elhic were substituted. 

I K* order to prove that there was no action on the shellac 
'l^r^uJs themselves, the sulphur ball was hung on the little hook 
"' *^g- 2S, where it was protected by the gilt paper box, and 
^^ working ball electrified. No deflection of the arm took 

l^lie fact that the metal and sulphnr balls when attracted did 
'**^ come to rest in the same position, but at different distances 
'"'^tn the working ball, was allowed for. 

A correction was inlro<iueed for small differences in the volumes 
"' Uie sulphur and metal bulls. 

It was found necessary to line the greater part of the glass 
^^ilh tinfoil connected to earth, as if this were not done it 
^taiioally became cliarged. 

ThK ELECTim-ICATIOrj. 

In these experiments the surface of the working ball was 
■^hanged to a potential corresponding to a spark-length of from 
one to three millims. 

rhe radius of the working hall in the final experiments was 

\ millims. and the distance from centre to centre of the balla 
Wss in dilTerent experiments 49 and G2 millims. 

Now as potential diminishes simply with the distance, the 

ome ofllieseTOrrectionsare ci'*" in a liil*r piper, reiiJ (X'toWr 8, 1874. 
T fit!., Bd. Ixx. part ii. p. 3»7. 
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[>ot«utial of the equipotenttal siirfiice passiog tbrongh the c 
of the suspended hall will he from 



Bay -f to J, of thiit of the working hall. 

Now according to De la Rue (See Chap. XXXIV.). the pota 
tial which would produce a spark of one niillim. would be that 1 
ahont 2000 chloride oE silver cells, and that which would gia 
a epark of three milUms. would be that of about 3450 cells. 

The potentials to which the suspended balls were electrifii 
would therefore be from that of 600 to 800 cells with the s 
Bparkj and from 1100 to 1400 with the long one. 

No considerable difference of capacity was observed wi 
these limits. 

Kffect of Loxq Chaugixo. 

'^\1ieQ the paraiBn and reain-balU were charged for any c 
Bidenible time, their attractions increased. Tiiis isa phet 
of '"Eeaidual charge," orasFaraday calls it "Electric absorption.'" 
Boltzmanu gives it the very expressive name oE "Dielectr ' 
afterworking." 

After the charging had gone on fur from five to ten miautij 
it was found that a pnraffin ball was attracted as strongly asl 
metal one, while the attraction on a sulphur one was i 
increased at alt. 

Results. 

The following table gives the specific inductive capacity 
calculated from the experiments where the charging only last 
for from j^ to -jj-'j- sec, and wliich therefore were not complicaU 
by the phenomena of residual charge. 

Side by side with them are the numbers obtained by t 
condenser method, copied from the table on page 90. 





SpeoiSc iBducUTB CapuitT i 










KipcruDoula. 




Sulphur . . 


390 


3-84 


EbOTliW 


3-48 


315 


Paraffin 


232 


2-32 


Ite>in , . . 


248 


2-55 
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CouPARisox OF Results. 

*he two following tables give the rati'^ of the attractions 
oo^^rved with different durations of charge and the apparent 
^P^^xsific inductive capacities calculated from them : — 




Dielectric. 



of ChargiBfir in 
SecoDd*. 



Salphnr 
Ebonite 
Paraffin 
Besin . 




E s B«ur> of Aur»cUona. 



09 



1* 



K* 



2980 
2111; 



2125 

2<jt;4 



7 IT'V) 



2110 ; 
2<J<*i ' 



iK) 



1650 



Dielectric. 


Apparent Specific ladoctire Capacitj. 


Daration of Charging in 
Secondn. 


J,toA 0^ 


19 23| 45 


9U 


Sulphar 
Ebonite 
Paraffin 
Beain . 


3-90 
348 
232 
248 


• • 

2*61 
363 


3 66 .. 3 70 
3 82 .. 374 
2 56 .. . HJ2 
42:) 5JJ i 5 2H 

1 


• • 

• • 

6-61 



We see from this table that the capacity of sulphur only 
exhibits irregular variations which we may probably account for 
\y errors of experiment* That of elxinite a[>parently in- 
creases up to a certain maximum, and there remains constant. 
Paraffin shows a steady increase up to I'S Mjconds, and srjmewhero 
between 1*8 and 45 seconds something in its htructure appears 
to give way, and the capacity becomes very great indeed. It 
is to be regretted that Prof. Boltzmann did not make an experi- 
ment on paraffin at 22 ^ seconds. 

For resin the increase seems to be [»erfectly steady and regular 
up to the longest charging used in these experiments. 

Another set of experiments,f in v/hich various s{>ecial precau- 
tions were taken, gave for paraffin the res>ult K = 2'34t5. 



* Probtthlj the ball waa partly ciyHtalline, and it* axis waa not always in 
the aame direction in diifirrent experiments. Set* next page, 
t Wiener Site, Bd. Ixix. part ii. page 812. 



Eieclro-StatUs. 

The duration of chargiug; is not mentioned, bat it probably \ 
from j-BTF ^"^ JTf second. 

CltYSTALUNB SULFHD&. 

On Oct. 8, 187-1/ Prof. Boltzmann read another paper on the 
inductive capacities of crystalline sulphur. It is found that the 
inductive capacity uf a crystal is diSerent iu different directions 
which are related to the axes of crystallization. On the theory 
that induction is a state of strain, this difference would be just 
what ne should expect. 

We know tliat a crystal of sulphur, for instance, has three 
principal " axes of elasticity ; " that isj that there are three 
principal lines in the crystal along which the elasticities are 
different. 

Novv the transmission of strain through any medium is affected 
by the elasticity along the direction of transmission, and therefore 
the specific inductive capacity of any dielectric will vary according 
to the elasticity of that dielectric along the line of electric 

In Prof. BoUzmann's experiments spheres of crystalline sulpliur 
were prepared and hung up with their axes at different angles to 
the line of force, and then the attractions measured in the manner 
which we have just described. 

The following residts were obtained for sulphur, where g m 
are the three principal axes of elasticity : — 

K, = 4-773. 
K.= 3-970. 
K.= 3-8il.t 

EXFERIMKNTS Of HOMICH AND FaJDIQA.J 

Prof, BoUzmann's experiments have been continued in his 

laboratory by two of his students, Messi's. Romich and Fajdiga. 
Their paper was read on Oct. S, 1874. 

The object of ibeir reseaich was to determine whether the 
differences of attraction observed depended on the dielectric 



i 



• Wiener Situ,, Bd. lii. part il. page 312. 

t The importsnM of (hno reiultn will bo seen in Part IV. 

X Wiener Sitx.. Bd. In. pait ii. p. 3>>7. 
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properties of tbe wliole ball, or merely on tlie nature of ils 
eurface. 

If the former were tbe case, a ball of sulpliur tliinly coated 
ivilh paraSiu ebouM act as a ball of sulphur; if tbe Utter, it 
ebonld act as a ball of pnraffin. 

A een«s of experiments wore made, of wbiuh the fullowiiig 
wer« the results : — 



K*Un gt B>ll. 




( Not covered . . 

Coated with . ] 






















These experiments clearly show that Uio attraction of the hull 
in determined by its whole substance, and not hv its surface. 

The only apparent exception is that of the ball covered with 
resin, but the authors explain that the reein co;iting was so thick 
that it formed an important fraction of tbe mass of tbe ball. 

ExPEniUEKTS OF RoMICH ANIJ NoWAK.* 

At the same sitting of tbe Academy another paper was read 
\>y Messrs. Romich and Nowak, the latter being also a student 
in Prof. Boltzraann's laboratory. Tbe chief object of their research 
was to examine the electric absorption, or " after- working," in 
different substances. 

For this purpose they made two sets of measurements. In one 
th« cliarge wiis reverseil 64 times in each minute (rather more 
than once a second), and in tbe other tbe working-hall was 
permaoeDtly charged in one w.iy during the experiments. 

The following table gives the results. Tlie sulphur-graphite 
ball was made by putting powdered graphite into melted sul- 
pbnr. 

• Wiener SiU., Bd. bi. part iL p. 380. 
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BpBeieelDaiwti.« CpKilT. 




ChJh'.. 


Purmauoul Cbu^ 








f 1 


6-7 
72 
0-7 
4'i! 
Hi 


71 
Sl-9 
7-» 

Kion 
. . il-9 


•"' 1 3 

'i-''^ 2 

( PlTp.tcl optic HiiB . . 








/ 31 boiire alter castins . ■ ■ 
SeWi.m^ Later 


. .102 . . 


. 151 

35 

201 

49 

. .5li 

. isa 


Another ball of f 24 liours after faKtin}; - 


159 

. . 8'4 . . 














"Whtn ilie Kpeeifie inductive cap 
(infinite), or very large, it means tha 
and dielectric balls were sensibly eq 

These esperiments seem to show t 
the specific in<l uetive capacity incrcasi 
continues. It is very difficult to say 
is snfficiently short to get tha true i 

seems a tolerably constant quantity. 

■ Tlie npeciSu inductive capacity of all gn 
■eefrotr the formula (2) on page 88. Foriv 
plate of Uiickreug b and »pn-itio indoctive c 
creasea ita capatiljas if tlio dintance betwe 
m ~ » + ^. Sut if a metal plate of tli 

will increaw on if the diatatiM between the 
m~*. This will bo obvious if we conaid 
the condenser platea. 

TbuH the capauity at tlie some time coire 

and to a distanca 

m-» + 

Thla cannot lie true unless ^ = 0. tha 


iieity is written down as m 
the attractions of the metul 
al.« 

hat with imperfect inawlatoi* 
s indefinitely as the ehargio^ 
what duration of charging 
stantaneous capacity. 

he specific iuductive capacity 

remember that the inaertiou of ■ 






u tbepUtea had altend from >».tO| 
•^kneas n be inserted, the eapacitj 

r the metal plate to touch one u 
aponda to « distance 

H 

K 
t is udlesii E = 00 . 
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EXPERIXKXTS OP SCUILLER.* 

In 1874 Schiller published an account of some experiments on 
Specific Inductive Capacity by a method of " electric oscillations/' 
in which the condenser was only charged for about ^^^^^y of a 
second. The method will be described at the end of Chapter 
XXIX. 

He also made some experiments by a slower mi^thod^ where the 
charge in each case lasted about ^ second. 

In this method the condenser was charged and discharged 
through a *' galvanometer^' t some 20 to 25 times per second. 

The ratio of the deflections of the galvanometer needle^ when 
air and other dielectrics were in the condenser, gave the ratio of 
the charges of the condenser in the various cases — that is, of its 
capacities. The following results were obtained : — 



Dielectrio. 


Bpedfio IndootiTe Capaoitj. 


Duration of Chargicg. 


By Slow 
Method. 


By OscillaUon 
Method. 


Ebonite .... 


276 


221 


•0000662 sec. 


Brown India Bubber . 


2-34 


212 


•0000630 


Ynlcanized ditto. 


2-94 


269 


•0000706 


Paraffin, quickly cooled, 
nearly transparent • 


1 1 92 1 


1-68 


•0000568 


Ditto, alowly cooled, white . 


V 2-47 J 


1-81 


•0000858 


Another Plate . 


1-89 \ 


•0000580 ' 
to -0000898 


Semi-opaaue Glass *' Hnlb- 
weises' .... 


] ■■ 


2-96 


•0000752 


Another Plate . 


• • 


360 


•0000838 


"* Ealk-weises " Glass . 


412 


. . 


. . 


Clear Plate Glass 


6-34 


r 6.78 
1 6 88 


•0000859 
•0001281 



• Pogg. Ann. 152, 1874. p. 636. 

t A galvanometer is an instrument which measures the total quantity of 
electricity which passes through it in a second. See Chapter XIX. 
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ExPBltlMENTS OP Snx)w.' 
Ill 1875 Silow published the results of Bome experimenta ou 
the Speciiic Inductive Capacities of Liquids. 

He used an eli'ctrometer of the filiope shown in plan in fig. 33. 
It consisted of a cylindricul glass vessel coated inside with tinToil. 
The tinfoil wae not continuous, but formed fourquad rants, which 
were connected in the same way as in the Thomson electrometer. 
The needle consisted of a light viji'id rod, carrying at its ends pieces 
of metal curved so as to be parallel with the sides of the cylinder. 
The cylinder could be filled with various liquids. 
The needle was kept constantly connected to earth. 
The deflection with a given battery was first noted when the 
cylinder was empty — that is, when there was only air between 
the needle plutes and the cylinder. 

The cylinder being filled, the deflection with the same battery 
increased, owing to thegreater 
fucility of transmitting induc- 
tion possessed hy the liquid. 
From the ratio of the two de- 
flections the F^peeific inductive 
capacity of the liquid could be 
calculated. 

If the electrometer had beeu 
perfectly symmetrical, thespe- 
cific inductive capacity of the 
liquid would have been simply- 
expressed by the ratio of the 
deflections; but as it was im- 
possible to avoid certain irre- 
gularities in its constmction, it was graduated by means of a 
series of observations of the deflections produced with different 
battery powers. 

The following determinations were made for oil of turpen- 
tine. Two specimens were tested : — 

In different experiments Silow found for one of them — 

BpeciBc InililoliVB OBpMiljr. 

on of Turpentine I. 




I 
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\ For the other he fouod — 

EpeciOfl IndactiTS Capacity. 
Oil of Turpentine II. . . 2173 

SiLOw's Second Method. 

In 1S76 ihe same author published* an account of some 
further experiments mude by a different method. 

la tbisniethodacondeneer, battery, and galvanometer are used. 
By meana of a "rapid eomrautator"t the condenser is alter- 
nately charged from the battery and discharged through the 
galvanometer from 900 to 1500 times per minute; that is to say, 
800 to 15U0 cbat^B of the condenser were passed through the 

Klvanometer in each minute. 
Now as the deflection of the galvanometer depends on the 
:a1 qnantity of electricity passing through it in a given time, 
it will, when the speed is uiiit'orm, give the average value of the 
cliarges of the condenser. By alternating experiments with air 
Btd other dielectrics, the epeeific inductive capacities of the lutlur 
could be calculated. 

The following results were obtained : — 
Didectnc. 

II Oil of Turpentine II 

I Peimleum, 2 speciim 



ejwclflo Indacllie Cnimf itj. 

. 2153 

. 2-071 

. 2037 

CrysUlliied Benxol 2198 

EXPSRIMENTS OF' 'WOLLNEIt.J 

In iS77 Wiillner published an account of some determinations 
the specific indactive capacities of various substances. 
He used two methods. In the first method the condenser 
CODsisted of two horizontal metal plates. The lower one was 
connected to earth, and the dielectric laid upon it. The upper 
jilate was suspended horizontally by a cord passing over a pulley 
so that it could be raised and lowered. The distance between 
the plates was observed by means of a microscope. 

The condenser being charged, the potential was observed ; 
first, while the dielectric was between the glass plates; secondly, 
T it had been withdrawn. 

mtio of the two capacities of the condenser was then 
ersc ratio of the potentials in the two cases. 
f* Pogg. Ann. 158, 1876, p. 300. t Chspler XIX.. Plate XXI. 

X Sit«oiig»b. iioni}.-!. hayer. Akad., 1877, page 1. 
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In order to calculate the effect of leuka^c, the upper plate was 
drawn up away IVom the rest of the eondenser, both before aod 
after each observation, and the charge measured. | 

The difference between the two measurements was the IosmI 
that had occurred during the eJiperiineut. V 

Wnr.LNER's Second Method, 

The almvfl method was, however, ibnnd io be very inaccurate, 
so another was adopted. The Siime condenser was used, but a i 
constant potential was obtained by using a battery of 12 celli^ v 
one end of which was connected to earth. ^ 

The condenser was cliargeU from the battery, and the charge 
measured by means of a torsion electrometer, and was expressed in 
terms of the number of degrees of torsion which were required 
to bring the deflected needle back to a constant zero position. 

The lollowmg results were obtained : — 

DielKtrio BpedOc IndactiTi Oi^^dQ. 

Paraffin 196 

Ebonite 2-50 

Siilplmr 2-88—321 

«'»"■" {i: : : : : S 

Glase 6-10 

WiJLLNER'a Geneh.m, Conclusioss. 

Wullner arrived at the following general conclusions on i 
Bub-ject : — 

" Tlie thickness of the dielectric does not affect its specific 
inductive capacity, 

"The capacity increases if the electrification is continued — at 
first nipidly, then more slowly, and then it gradually approaches I 
a lixed maximum value. B 

" The capacity which will be reached in a given time ia in-^J 
creased by frequent repetitions of experiments on the same plate, 
and also by long charging. By frequent charging, an increase of 
capacity is produced in sulphur, which lasts for a very long time. 

" The change is not a permanent one, but, after a long time,it 
gradually disappears. 

" The iiislanlaneous capacity {thai it, the capacilff when the eharg- 
i»^ onig laid fur a verg staall fraction of a second) is ofqKift^ 
a dijfereitl nature fo thai cajpacily uiich increases slowt]/ ai ti^^ 
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I tieeirifieaiion eontlnut*. Tie ' inila^ianeout capatttjf ' U inde- 
pendent of tie eomducfi&Ui/jf — /i* ' tli/ie cajtaei/jf ' u not." 

If the above conclDsioa should be confirmed by future ex- 

' perim^nts, it will probably at once explain the great discrepancies 
in the results obbiined by different observers ; for, in espenmeDta 
of different durations, the capacity obsen-ed would be partly dne 

I to the instantaneoOB capacity, and partly due to whatever v^loe 

' the bIow capacity might have readied at the conclusicn of the 
experiment. An argument in favour of this view is fonnd in the 
fact that the results obtained by diiferent observers a^ree much 
better for good inEulutors than for bad ones, for, according to it 
in K perfect insulator the two capacities should be equal. 

Dk. IIopkisson's ExpEiuuESTs ox Optical Fuvr Glass* 
On May 17, lS77,s paper by Dr. Hojikinsou on the "Electro- 
static Capacity of Glass" was communicated to the Royal Society. 
The instruments used were: — 

(1) The sliding condenser made for Messrs. Gibson and Bar* 
clay's experiments ; f 

(2) A Thomson electrometer (White pattern) ; 

(3) A battery of 42 Duniell cclls,^ the middle of which was 
connected to earth. 

It is snOicient for onv present purpose to know that this is an 
arrangement by which equal and opposite potentials can be 
obtained simultaneously. 

(4) The guard-ring condenser. 

This consif^ts of a fixed insulated brass disc, k (figs. 34, 35), 
surrounded by a flat ring, such that the ring aud disc together 
form u large flat circular plate with an annular space of one 
, tnillim. round the disc. 

Below this is another larger plate, e, which can be moved up 
I and down by a micrometer screw. 

The glass plates under examination are placed between e and k 

O as to form the dielectrics of the guard-ring condenser. 

The glass being inserted, the sliding condenser is moved until 

' it and the guard-ring condenser have the same capacity, and the 

I BCrew of e is read. The glass is then removed, which diminishes 

' the capacity of the guard-ring condenser. 



• Phil. Tra 
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e is tbon screwed up until the capacity is again equal to that 
of the sliding condenser. 

The screw is again read^ and from the difference of readings 
the diflerence of capacity caused by the glass can be calculated. 

Comparison of the Condenseus. 

The equality of the condensers is determined as follows : — We 
compare the sliding condenser with that consisting of k and e 
without the guard-plate. 

The connections are first arranged as in fig. 34^ and the battery 

A B 

® 

.BATrCRYPOLEr 



1 
« _ 


SLIDINC\ 


+ 1 




CONOCMSER 


EARTH > 


f 




EARTH 



T 



CUARO-RINC COMOENSER 



ELECTROMETER 




EARTH ▼ 



ir EARTH 

FIG. 3 6. 



then charges the disc k with its guard-ring, and the inside of 
the sliding condenser, to equal and opposite potentials. 

If the capacities are equal, the charges will also be equal and 
opposite. If the capacities are unequal, the charges will be un- 
equal. 

By a sudden movement of an ingeniously contrived '^ switch/' 
the connections are now altered to those shown in fig. 35. 

The battery, being put to earth, exercises no further efH^ct, and 
the (-f ) charge of the sliding condenser is combined with the ( — ) 
one of k. 

If the capacities are equal, the resulting cbnrj^e will be zero. 
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which puts the condensers into connectiou with the electrometer. ^^| 

If the capacities are equal, there will be no deflection. ^^| 

If the sliding condeneer is the largeat. there will bo a ( + ) de- ^H 

ftectioD, and e must be raised; and if the guard-rin<>' condenser is ^^| 

largest, there will i>ea (-) deflection, and e will have to be lowered. ^H 

The only nse of the guard-plate is to facilitate calculation, for, ^H 

as we stated in the account of the absolute electrometer, the dis- ^H 

tributioD of the electricity near the edges of a plate is complicated, ^^| 

but near the centre it is uniform. The effect of the guard-ring- ^H 

is to make the disc k a plate which is all centre. ^H 

^^^ The following experiments were mode : — ^^| 
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SpMiflo Graiilr- 
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Verj light Flint . 


287 


6-57 


2-29 
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Irtght Flint . 


32 


6.86 


s-u 

2-oa 


DenH Flint . 


3-66 


7-4 


Double eitni dense Flint 


4'S 


10-1 


2-25 




We see that there seems in these experiments to be some con 
iwtion between the density and the capacity. It is, however 
robably not a very importjint one. 

GoIIWJN's ExPERlUBNTS.t 

Tlie great diflicully which all investigators of specific inductiv 
Ipaeity have met with has been due to tlie fact that, if a dielec 
fio is charged for any appreciable time, some of the charge 1 
' sbaorbed," and the phenomena of " residual charge " compli'-nt 
be observations. 

The present writer has made some experiments on the apeciP 
nductive capacities of various substances hy a method where th 
ffects of absorption are guarded against in two ways. 

tPJH.r.-a««-, 18-fl, p.ge417. 
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HO Ekclro-Slatics. 

(1) The electrifieil inetal plutes of the conili-nser do not toiiS 
tbe dielectrics ; and 

(2) Tbe cliargiug: only lasts ytj-j-ij' "f °- sccund. 

The Induction Ealance- 

The cLief instrumciit used is 
called the " Induction Balance," the ^neral plan of whic) 
due to Sir Wm, Thomson and Professoi' Clerk Muxtvoll. 

ItconsiEts eesen tiuUy of 6 ve circular paralk'l metal discs, a^cd 
hede are fixed, and a can be moved parallel to itself by mfiT 
of a screw, d c e are 6 inches in diameter, ^ li are 4 inches. Tq 
is a space of about 1 inch between each plutu and the one a 

We will give tlie details of its construction tmmedintelj^ j 
first we will explain the met-bud of its wo] 

Theory ok thb IsDucriotf Balance. — Plate VIIL 

The Boarcc of electrification (coil poles in Plate VIII.) is k 
tbat (rives equal and opposite potentials. Where the double 
sign {± +) is given, it means thnt the sign of the electrifications 
can be rapidly reverecd. We will for the present consider the elec- 
trifications of all parts of the apparatus to have the upper siffn, 
and tbe reversing engine not to be at work. 

Wc see that one pole of the eod is connected to the outside 
plates a and e, and the other pole to the centre plate e. 

The two small plates, b and <l, are connected to tbe quadrants 
of an electrometer. 

The centre plate c can never produce any deflection of the 
needle, because, being placed half-way between the small plates, 
it will produce an equal and similiir charge on each of them, and 
therefore equal and similar charges on the quadrants. 

The outer plates will also produce no edect on tbe needle as 
long as there is only air in the balance and they are placed 
symmetrically — that is, as long as distance ai is equal to dis- 
tance e d. 

If, however, a is moved by its screw away from i (so aa to 
make distance a b greater than e '/), there will be a lens inductive 
action from a to i than from e to d, and the needle will he 
deQected in the direction which shows that the unshaded quad- 
rants are most strongly electrified. 

But if, on the other hand, any dielectric of greater specific 
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iodncUvc capacity than air be placed between a and b, there will 
l>ea^»'«/*'"iDductive action from u to i than from e torf, and the 
needle will lie deflected in the opposite direction. 

It isclear, then, that if we insert a dielectric, and at the same 
time screw a away from h, we I'iin find a position for a where the 
increased induction throufjh the dielectric ir exnetly balanced by 
the decrease due to the greater distance, and tlien the needle; 
will remain ut zero. 
LT%e distance whieh a will liave to be moved to compensate 
J given dielectric plate will depend only on the tbickness of the 
ber, and on it-a »pee'ijic iniiuetlre rapacity. 
ill) the experiments we read the position of a, which brings the 
rtrometer needle to zero : Ist, when there is only air in the 
Monoe; 2nd, when the dielectric is inserted. 
I The difference of these two readinf7S is the distance which a 
1 been mived. We measure the thickness of the dielectric, 
d then we can calculate the specific inductive capacity by the 
lowing mathematiciil formula. 

Tub ruiuiULA op Calculatiun.* 
Let the reading of a, when there is only air in the balance, be 

«,, and that when the dielectric is inserted, a,; then (a. — a,) is 

the distance which a has bad to be moved. 

A dielectric plate of thickness li, and specific inductive capacity 



«apaehy of a condenser whose dielectric phite bad a thickness b, 

and specific inductive capacity K, would he equal to that of a 

^fiinilarcunden^r having, foritsdieleclric, a plate of air of thickness 



* We must remember that when \v<i insert a dielectric plate of 
thickness b into the balance, we displace a plate of air of the 
same thickness b. 

The cfTcct then of inserting the dielectric is to increau 
the capacity of the condenser, consisting of the plates a and 
b, OS much as if we had brought the plates nearer by a 
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■L 

greater than ), as if we diminished the distance between the 

plates by a quantity h — — -. 

Ik. 

But as we have moved a so as to keep the needle at zero^ we 

have produced au exactly equal decrease of capacity by increasing 

the distance between a and ^ by a quantity (Oj — a^. It is clear 

that this real increase of distance must be exactly equal to the 

imaginary decrease of distance produced by the dielectric^ and we 

must have 



or, in other words, 



* — g = (ff« — «i) ; 



K = 



6 — (a, — a,) 

and this formula was used to calculate the results of the experi- 
ments. 

We note that we do not require \q know the distances a^ b or 
a^ bj but only their difference, which is. much more easily 
measured. 

The Reversals. 

We have hitherto supposed the needle to be charged positively 
in the ordinary way. Let us suppose the equilibrium not to be 
established, but the action of a to be greater than that of e^ and 
the electrifications to have the upper signs, a and e will induce ( -f ) 
electricity on b and d, and ( — ) on all four quadrants; but the 
electrification of the shaded quadrants will be the strongest, and 
the needle will turn to the right (in the direction of the hands 
of a watch). 

Now, suppose the electrifications of a c e to be all reversed in 
sign, but to have the same numerical values as before; a and e 
will now induce a (— ) charge on b and d, and a ( + ) one on 
the quadrants. The shaded quadrants would still be the strongest, 
but the needle would now turn to the le/i. It is clear that if, as 
in actual work, the reversals were very rapid, the needle would 
merely receive rapidly alternating impulses in the two directions, 
and no disturbance of the equilibrium would produce any 
deflection. 

To escape from this difficulty. Prof. Clerk Maxwell arranged 
tliat the needle^ instead of being pennanentlt/ charged, should be 
connected to the plate c. 
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TTie sign of the chai:ge of tlie needle is then reversed with the 
^ey ergals of the charges of the balance. 

inowtheele<!tri£cationshave the upper signs, and t hi: shaded 
rants be strongest. The ijuadmntB wiU be (— ) and the 
U* ( + )> And, the force being attractive, the needle will turn 
'■ B right, 

r let the electrification be reversed, the quadrants will be 

) md the needle (— ). The force n-ill still be attractive, anrf 

) in the tame direolion at before, 

1 practice, when the electrifications of the five plates, the 

, the needle, and the fonr quadmnts were all being 

1 12,000 times per second, the deflection of the needle was 

rtly Btc^y, and exactly under the control of the screw 

L motion of a of yq^tt ^^*^ nsnally m^ived the spot of light 
9ie electrometer scale about one millim. 

I rapid revrrsuls (12,'lOO per second) were obtained by 
« of an induction coil * and high-speed break,t which are 
Bribed in P>.rt III. (Sec Chapter XXXIII.) 

i secondary reversing engine,t described in Chapter XIX., 
t a9ed to flgnin reverse the electrifications on their way to tlie 
e about 30 times jier second, in case there should be any 
taderance of either (-r) or ( — ) after the first reversal. 

DeT.\!LS OV the COSSEfTJONS. — pLATE IX. 

tatc IX. is a ground-phin of the laboratory, showing the 

^tneut of all the instruments and their connecting wires. 
%e student who is ignorant of the theory of the induction 
I la «dvi»ed to defer the consideration of this plutc nntilalUr 
■ read Chapter XXXIII. 

Details of the Isduction Balance. 
Plate S., and figs. 36, 37. 
Plate X. shows the indnetion balance and electrometer in 
perspective. 

The electrometer is enclosed in the wooden case at the right of 
the picture. Its lump, scale, and lens are seen at the back. The 
idle at the left illuminates the scale of plate a. 

• PlBleXXSII. t Plate XXXIII. ; PUto XXI. 
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., and the 




Size. 
The total height of the balance ie & ft. 2 i 
the tiible shown in Plate X. is 4- ft. 6 in. by 3 feet. 
Tub Slatk Table. 
The whole apparutus stands upon a massive hrick and slat« 
table, which is supported oil a mass of brickwork independent of 
the fioor of the laboratory. Thus do vibration is communicated 
tu the apparatus by persons inovin^ about. 

Thb Balasce. 

The plates 6 c il e are supported from above by steel rods. 
The lower end of each rod is scretved into the upper edge of a 
plate, the upper into an ebonite plug fixed into a small triangular 
horizontal brass iihite, at the corners of which are Icvellinsr 




4 



The screws rest on a flat brass stage, a slit In which 
allows the rod to pass through. As there is not room for all 
four trinngles side by side, there are two stages one above the 
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§ThG plates e e lian^ from tlie lowur stage, and b H, which are 
nished with longer rods, from the upper one. The triangles, 
len adjusted, are clamped hy scren-s, which for c « are 6xed in 
e second sta^, wliile Tor b d the cUmprt are carried on a third 
I made es|HK;ially to hold thtfin. Four stout brass pillars 
ipport the three stages. The feet of these pillars are screwed 
\ larijo brass plate let into the wooden buse of the inatni* 
int. Oil this plat« also stund the pillars uorrying plate <i. 



\ Plate a 



! fixed to ihe end of ii brass nr\ of section I 



lich it is insulated by a Mock of elmnite (E., fig. 36). Tliis rod 
OD two pillars (A. A., figs. 'J6, ^T), which it touches only on 
iltcliDed surfaces (fig. 37). It is pressed downward by stout 
springs (aa, tigs. 36,37). It is moved 
liackwMTds aud forwards by a screw B, 

I^byaspringasninsta hardened 
plate at C (fig. 36). The screw 
t D turns in two collars — ont^ 
to D, and the other only kept 
revolving, and forced away 
Uk first by a stout spiral spring. 
prevents what is called " baek- 
lasb," i. t., it ensiirts that the loiigi- 
tudinnl motion shall be reversed at 
the same time as the motion of the 
acreor. Y\a. v. 

A K^le divided to -^ inch is en- 
graved upon D, and a vernier fixed to one of the uprights 
re«dfl the position of plate a to yuVo- ineh. The scale is read 
Ujr % mivroseope, fixed some three inches distant on the ease ot 
tbe instrument, and shown at the left of Plate X.,just above the 
candle 

Tbe five plates are enclosed in a glass case, like a balance case, 
^Miit 15 ini-'hes long. It passes below the stipes, and holes in 
the top gloss admit the four steel rods. A hole in the side 
fldmite the rod D, so that a is inside tbe case, while the screw- 
head is outside. The dotted line in fig. 36 shows the position of 
the glass side of the case. 

Tlie five plates are placed close to one end of Ihe case. On 
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the base, inside the cose, are slides, in which stages for cai 
ing the dielectrics move. The stages can be moved by r 
projecting bpyond the case. Tlius a dielectric under examinntioM 
can be placed between two of the plates, or moved from thei^ 
without opening the glass case. 

On the upper 6xed stages are ebonite pillars with double 
binding screws on them ; to the lower nut of each is attached a 
flexible spiral wire, leading to one of the plates by way of the 
steel rod. By means of the upper nuts the pbtes < 
counected to other instruments. 

The Mecuanicai, Slide. 

One of the sliding stages — viz. : that used to place a dielectrf 
between a and 5*— has " mechanical motions." In addition ti 
the rod by which it is drawn in and out, there are three othi 
parallel rods, with milled heads. Turning one gives a I 
motion— viz. : moves any dielectric placed on the slide nearer d 
or b. By turning the second, the dielectric plate can be placed 
either exactly vertical or inclined a little in either direction ; and 
turning the third gives tbe dielectric a small angular motion 
round a vertical axis. 

The Buass Coveb. 

The upper stage, which carries the connections of the small 
plates I d, is enclosed in a brass box, shown in outline in Plate 
X. The steel rods belonging to the plates b d are enclosed in 
metal tubes. 

The wires leading to the electrometer from the terminals of the 
small plates on the upper stage are also enclosed in a wide brass 
tube. The electrometer itself is enclosed in a wooden box, lined 
with tinfoil ; a small window (not shown) allows the light of the 
lamp to enter and return. The box, tube, and tinl'oil are carefully 
connected to earth. The tube passes through the base of the 
balance to allow the glass shade (not shown), with which it is 
covered when not in use, to be lifted on and otf without disturbtn" 
the connections. 

Other Details. 

The wire which passes just above the electrometer leads from 
plate e to the needle. 

* TbJR is the onl; stage tbat is used in actual iror-t. 
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The little plu$;. seen in the Front of the picture, mokes and 
Kake the coil primary (see Chapter XXXIII.) — thai is, Btart^ 
and Etops tlie electrification. 

The observer, standing where he can see the scale of the 
vlectromeliT, is uble to start aud stop the elcetrification with hie 
igbt hand, and to work the screw of a with his left. 

A glass plate is seen on the slide ready to be pushed in between 
■ and h. 

The Thomson Electbometeu, 
This is a quadrant of the simple form by Elliott; one of 
White's, which I have, was found to be unsuitable for uao wiih 
(be reversing gear. When, as in this case, the instrument is 
nly used as an electroscope, the superior sensitiveness of Elliott's 
^ttem gives it great advantages. 

The Callipers. 

These arc a pair with especially long jaws, made for use in 

adjusting the plates of the balance. When laid upon a bracket 

fixed to the outside of the balance case, the jaws projected right 

in between the plates. This bracket could be inclined either up 

or doivn, for measuring at the lower or upper part« of the plates. 

The "outsides" scale was used in the ordinary way for 

measuring the thi'-kness of the dielectric plates. 

The Dielectrics. 

The dielectric plates were 7 inches square, and from i inch to 

inch thick. They were made with their sides accurately 

nralk'l. When practicable, they were cut in a planing machine. 

The Electromotive Force. 

The electromotive force used was about equal to tliut of 2U5U 

ibils of Mr. De la Rue's battery. (Chapter XVIII.) 

SPECIUEN ObSEIIVATIONS. 

The following are the details of the determination of the 
MpBcity of Light Flint Glass:— 



(1) 16C 

(2) 1-Q3 



(3} l'4(t9 (6) 1-495 (7) l-SOO 

(4) 1-034 (6) 1.032 (K) \iSSi. 




EUdro'Siaties. 
Results. 
jwing is ft general table of tlie results obtained fo; 

ibstanccs ; — 

NusB or DielectrlL-. 



ble fitra-deime Flint . 
a-Jtsnse Flint 
w Flint 



1 Plntv, two Bpwirnena — 



,.2 


3228 


Eb(init<-, four slabs- 
No.! 

,.2 

„ 3 

.,4 


2-2fl97 
221^2 
23(W7 
23077 


Be»t quality Gutta Pi<rch« . 


2«2. 




2 647. 


Black 

Grey vulL-aiiiiad 


2 220. 
2-497. 



Sulld Paraffin, sppcifia ^raTltj at 
11= C. = -9109, melting point 
6B° C. Six ilubs cut in planinn 
niBcIiini.' ; results correuled for 



Sheliau 
Sulpbur 
BUitlphide of Caiboii 




Ebonite. 

The agreement of the experimenta on ebonite is a very gocx 

test of the accuracy of the method and of the formula, for thi 
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Specific Inductive Capacity op Optical Glass. 



Double Extra Dense Flint 


Christmas, 1877. 


1 

July and Aafpist» 1870. 


3164 


3-838 


Extra Dense Flint . 


3053 


3 621 


Light Flint .... 


3-013 


3-443 


Hard Crown .... 


3108 


3-310 



The arrangement of the apparatus (including tlie coil and rapid 
break) was precisely the same as in ray earlier experiments. The 
electromotive force was as nearly as possible the same^ and ex- 
periment has shown that moderate variations in it do not affect 
the results. 

Tlie differences observed might have been caused by any one 
of three things; — 

(1.) By error in the 1879 experiments; 

[t,) By error in the 1877 experiments; 

(3.) By a change in the specific inductive capacity of the glass 
between Christmas^ 1877, and July, 1879. 

Careful repetition of the 1879 experiments has convinced me 
that there is no error in them. 

If the difference is caused by error in the 1877 experiments, 
then in 1877 I must have obtained too low a result. With my 
induction balance, too low a result is given if the dielectric is 
covered with a badly-conducting film ; * the effect of covering the 
dielectric with a well-conducting film is to prevent observation. 

Before rejecting the second explanation of the difference, based 
on the hypothesis of error in the 1877 experiments, it is therefore 
necessary to prove that in 1877 there was no film on the surface 
of the glass of sufficient conducting power to cause a large error 
in the results. 

In 1877 the glasses were not washed by immersion in water, 
but were thoroughly cleaned with a glass-cloth and wash-leather. 
To the best of my recollection they were first rubbed with a damp 

* For the film must be considered to be connected to earth. 
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cloth, then with a dry one, and then poli 



1 Tvith the lenlhei 



frequently 
warmed at the fire. This process 
ing any conductinfj iilm of moistii'-e from the glasses, that nt the 
end of it they were usually found to be electrified by the friction 
of the leather. When this occurred they were passed rapidly a 
few times over the flame of a epirit-Iiimp to discharfje them. 
They were always so warm that any visible moisture deposited 
hy the apirit-lamp disappeared instantly. 

In the 1879 experiments, which are quoted in the preceding 
tsble, the glasses were washed in hot water, wiped and polished, 
and passed over the spirit-lamp while still hot. After observing 
a difference in the firnt two specimens examined, I made pre- 
liminary experiments on the other two before cleaning; them. 
The loIlowinfT arc the results obtained: — 
Light Funt Glajis. 

Cbristmas. 1^77 

August 4. 1879.— Dn»li-d lifhlly wltli duster, not rnbbrf 

August 4. — Cleanpii in liot wat«r, ei peri in en ted on wliile Iml 

August 4. — Cooled uiititr tap, wiped with glaKs-clolh - . , 3'44 

August 5.— Hud stiK«i tvieiity-lmir liours uncovwed on taU.>. not 

Augusts. — Smeared all over with oil ...... 

August 4. — Smokntl on oily surfufeoTer iinraflin lump, houm tu iDnkc 

glasA lemi-opHque 3'46 

August b. — GluaB n.nde very wrt with solution of fal-amiiio- | Eiperimeot 

niuc J imposdbli 

Augnnt 5. — RoDglil}- drird with duster; auirm.'V njipeared opnqiir, 

lik? grouud glass 1-64 

August 6.— Wiped ovornith gUaii-L-lolh, but not nibbed . . . 236 
August 5.— Rinsed nnder cold tap, and wiped with gluBS-dolh, but 

not polished 3'4S 

August 6. — Wliile itill coli!. paswd over »pirit-lanip till niudi more 

douded than ever would lie tlie esse in nctiiiil wnik ; plaeed in 

tialunee, and experiment made as quickly as giossibU ■ . "A'iA 

Haiid Chown G[..tSS. 

8|mdU 



chri 



ua, 1877 



wiped for more than njear; placed in balance 
■iHtlly as taken froni boi.whiuh does not shut 



s described above 
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Jiy conclueion from the above numl>era is tliat, aUltougli it is 
possible, by sufficiently wetting the Gurface of the plute, to pro~ 
Juce any apparent reduction of the specific iodiictive capacity, 
yet that, ileven very much less care had beeu taken to oWan the 
plates thnn was taken in \%77, the greatest quantity of motetiirc 
that could accidentally have been left on them would have been 
totally incapable of producing anything like the difference now 
under esaminotion. 

I am tUerefore led to the conclusion that in the coiii-se of a 
year nnd a half an actual change bus taken place in the glasses, 
which is shown by a considerable real increase iu their specific 
inductive capacities. To complete our knowledge of this new 
phenomenon we require a series of monthly observationa, ex- 
tended over perhaps a period of several years. 

I am hoping shortly to continue the investigution of this 
subject. 

All that we can say at present is that the theory of specific 
inductive capacity is extremely obscui-e, and that induction, so 
far from being a "direct action at a. distance," is most certainly 
traDsmitted by the particles of the dielectrics, and is affected by 

rnost every molecular change wbieh may occur in them, 
I am hoping also to investigate the effect of duration of elcc- 
£cfltion, temperature, and electro-motive force. 
Specific Inductive Capacity ov Gases. 
KsPEItlMKNTS OF B0LT7MANN.* 

On April 23, 1S74, Professor Boltzmann read a paper before 
the Vienna Academy, in which he announced that he had suc- 
ceeded in detecting and measuring ditlerences in the E|iecific 
tluctive capacities of gases. 
The Condenseb. 
The condenser (fig. SH) consisled essentially of two metal 
itee, rf and e, insulated from each other and contained in a glass 
seiver, which could be connected to an air-pump and to a 
gas-holder. The plates rf and e could be charged or connected 
to the earth or to the electrometer by means of two wires,^ and q, 
which passed through shellac plugs inserted in the top of the 

* WieiiFF SilzDngsiber., hd, liix, part ii. page 79S. 
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The plati's a, l,f, g had 110 electrical use, hut were kept alw 
connected to L'arth. Their object was to conduct away any bea 
which might be developed by the Criction of the entering gas. 




The plate d rested on three shellac blocks, which were fitt« 
into braEs BockotB fixed to the plate I. 

The plate e was attached by shellac blocks to the plate y", and 
the latter was levelled by meanB of three screws, > 1 t. A case. 
h A, of thin sheet brass protected the condenser from external 
induction. The wires/? and } had each a flexible joint in themJ^ 
in order thut vihrations of the receiver might not shake the coaifl 
denser pliites. 

Theory of the Expekiments, 

Before commencing the experimentu the plate e waa eonnecte 
to earth and the plate tl to the electrometer, and air pumped i 
and out of the receiver. No deflection occurred, which Bbowe^ 
that the plates were not electrified by the friction of the air. 

At the eommenoement of an experiment, d was connected t 
earth and to the electrometer, while e was electrified [4')( 
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inekDs of 300 Daniell cells. The ( + ) electricity of d escaped to 
earthy while the (— ) was held by the attraction of the ( + ) on e. 
€ was now insulated by raising tiie wire m, but as this 
caused no change in the eWtrieal state of the system^ there 
vras still no deHection of the electrometer. 

If now one more cell were added to the batterv, the electric 
action from ^ to ^ would be increased, and there would be a 
c^eflection /9 of the electrometer. It was found that^ for one 
added cell^ )9 was about 60 scale divisions. 

But if, without altering the battery, the action from e to '/ 

^^ere altered by altering the dielectric between them, there would 

also be a deflection whose amount would depend on the change 

of specific inductive capacity, and whose direction would depentl 

OQ whether that change was an increase or a decrease. 

It was found that pumping out the air until the pressure was 

^educed from that of the atmosphere (760 millims.) to about 10 

illims. of mercury caused a diminution of specific inductive 

pacity which produced a negative deflection ( — a) equal to 

^ t>ont 8 scale divisions. 

The Formula of Calculation. 

Let the potential due to one Daniell's cell be /?, then, if there 

^■**€ 300 cells, the potential of the whole battery will be 300/?, 

^^**, generally, the potential due to n cells will be «/?. )8 is the 

^^ ^flection produced by the addition of one cell of potential /?, 

*^»id hence fi is proj)ortional to p. 

Let K| be the specific inductive capacity of. the air in the con- 

^«nser at the beginning of the experiment, and Kj that of the 

g^as or rarefied air in it at the end. 

Then, by the known theory of a condenser, the potential of 

K 
every part of it will at the end of the experiment be ' tirm-s that 

which it was at the beginning. As d and the metal case are 
connected to earth, their potential is zero at the beginning of the 

K 

experiment, and -- times zero, that is zero also, at the end. 

The potential of the plate tf, which was formerly np, becomes 

K 

~2 %p — that is, it changes by a quantity 



nf^ — njp, or njp (^— ^j- 
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This change in the potential of e causes a dcflectioD oF a scnle 



But, when one cell is added, there is a change equal to /i in the 
potential of e, causing a deflection of (i Bcale divisions. 
Jrleni^e) by simple proportion — 

A*H/i(^— 1) is 1.0 a. 






Effbct ov the Density of tue Gas. 

Professor Boltzmann has found that, with any given gaa, eauh 
change in its density causes an approximately proportional change 
in the quantity by which the specilic inductive capacity differs 
from unity. For instance, if the capacity of a given gas at 
ordinary pressure were 1"002, then at half pressure it would 
he 1-001. 

Let the specific inductive capacity of a vacuum be taken as 
unity, and that of any gas at ordinary pressure be 1 + X, then 
we know that, as the capacities of all gases differ very little from 
unity, X will be a very small quantity, and will have either a ] 
(t) or (— ) sign according as the capacity is greater or less than 
that of a vacuum. 

Let K| be the capacity of the gas at a pressure uT d, millims., 
and Ka the capacity at a pressure of i, tnillims. ; then 

Ki is proportional to 1 + —J 



rat + \hy, 

7&I + y.ii 
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Now, as \ is a very small quantity, we may write this 

K," 760 "^ 760 • 

By combining this with the formula (^1), page 126, we have — 



which gives 



1 4- iL — 1 4- X (/> ! — ftt) 
"^ flii "■ ^ 760 



^ n . 760 ,Q\ 

/3» (6i — 6.) 



and this formula was ased in the experiments.f 
And we have for any gas — 

where Kyw is the specific inductive capacity of that gas at 760 
millims. pressure when the specific inductive capacity of a 
"vacuum" of about 5 to 10 millims. pressure is taken as 
unity. 

Experimental Details. 

The connections with the wires q and p were made by metal 
plates r and 9 fixed to the end of wire triangles hini^ed, as shown 
in fig. 38. They could be raised and lowered by means of cords. 
For better insulation the cords were not attached direct to the 
wires, but to little shellac cylinders tit. By raising r until it 
touched the wire », the electrometer was put to earth ; or, by 
lowering m while r rested on jo, the electrometer and the plate d 
were put to earth together. A metal case 00 connected to 
earth protected all the electrometer connections from accidental 
induction. 

In order that the exhaustion of the air might be done quickly, 

* For 8Qpp086 \hx = 2 and X(, = 1, then 

K, 7(51 "^ 761 

and 1 + — ^-^ — - = 1 + ^ — , which gives a sufficiently close approxima- 
760 7<>0 

tion for experimental purposes. 

• The portion ^ ^ of the expression (2) was the mean of a number 

ft, — 6t 

of experiments with different values of Jh and ht. 
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a large chamber was placed between tlie air-pump and the top | 
Ci. The chamber wae first exhausted by means of the ptimpf , 
und then Uie tap C, suddenly opened. The condenser could be J 
filled with any (ras by lirst exhausting it and then opening the [ 
tap C, leading to the gas-holder. 

The tbiekness of each of the pktes nue from 4 to 5 mitlims., 
and their diameters about 160 millinis. Tlie plates // and e were ] 
1 millini. apart. 

Insulating Powke of Air. 

Some preliminary ejcperiments were made to see whether tlift J 
air between the plates could be trusted to insulate perfectly, 1 
particularly at low pt'essures. The plate e was charged, and rf J 
was put to earth. Then e and d were both insulated for a cer- 
tain time /, and then d connected to the electrometer. Any I 
deflection wliich occurred would be due to the leakage of elec- I 
tiicity from e to d. 

When the time i was 5 minutes, which is much longer than \ 
the duration of any experiment, no deflection occurred. 

When i was 14 hours, there was a deflection showing that -j-^j^ 
part of the electricity had leaked over. 

When the pressure was diminished to about S millims., the | 
electricity passed by disruptive discharge* from one plate to the I 
other; but at pressures between 3 and 7G0 niillims. the insula- 
tion may be considered to be perfect, 

Manipulation of tug Exfekimekts. 
The operations were performed in the following order; — 
(I) The piat«srand» and the wirem were lowered, (i) r aod I 
m were lifted, (3) The gas was pumped out, (4) t was lowered, 
but not m, and the deflection of the electrometer was written dowa 1 



The order of the operations (3) and (4.) c 
without causing any theoretical diflerence. 

Rksults. 
The following results were obtained : — 

Temperature 15* — 17° C. 
• S«e Chaptor XXXIV. 



uld be reversed 1 
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Yacmim (taken as) 1*000000. 



Gaaes at TaOmillims. and 16° - W C. 



"Wi 



1 + X 



Air . 

Carbonic Acid 
Hjdrojcen . 
Carbonic Oxide . 
Nitrous Gas (NO) 

Olefiant Gas 

Marsh Gas . 



! 



l-OOOSoS 
1-000892 
1-000260 
1000650 
1000938 
10O12O8 
1001266 
1-000890 



From these results Professor Boltzmann calculates what the 
alues of Kjfio would have been at 0° C. 
He obtains — 



Yacnom (taken as) 1*000000. 


Gases at 760 millims. and 0° C 


^r*o:a» 


Air 


1000590 


Carbonic Acid . 




1000916 


Hydroeen 
Carbonic Oxide . 




1000264 




1000690 


Nitrous Gas (XO) 




1000984 


Olefiant Gas 




1 001312 


Marsh Gas 




1000941 



For convenience of comparison with the results given by other 
experimenters,. I have calculated from the above tables the specific 
inductive capacities of the various gases when that of air at 760 
millims. and 0° C. is taken as the standard^ and called unity. 

The formula which I have used is as follows : — 

We have 

X for air at 0° C. and 7t>0 millims. = '000590. 

Let the specific inductive capacity of any gas, when that of air 
at 0° C. and 760 millims. is taken as unity, be 1 -HX' ; then, if we 
write 



X' = X — -000690. 
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we shall get results which will be true within the limits of 
of these experiments.* 
We have 



Gai. 


SpMifle IndnattT* O^Moitj. | 


At OHX and TOO mflUiu. 


A*190-ir>0.aiid 
TtOinllHaML 


Air afe 0^. and 7aO BdUimA. taken M 1-OOOOOa 


Taomim '990410 


Carbonio Acid • 
Hydro^n . 
CarboDio Oxide 
NitrouB Gas (NO) . 

OlefiantGas . 

Manh Gks 


1-000356 

-999674 

1-000100 

1-000394 

1*000722 

1-000354 


1000902 
:999660 

1-000060 

1-000948 
C 1-000618 
1 1-000676 

1-000300 



Experiments of Aybton aitd PKRRT.f 

In 1877, Professors Ayrton and Perry announced that they 
had been able to detect and measure differences in the specific 
inductive capacities of certain gases, they being at that time 
quite unacquainted with the previous investigation by Prof. 
Boltzmann on the same subject. 




Fiff.89. 

Two condensers — '^ the open condenser " and " the closed con- 
denser ^' — were used. 



• The true value of 1 + X' would be got from the proportion — 
As 1 + (X for air) : 1 + (X for gas) :: 1 : 1 + X'. 
Thus the true value of 1 -f ^' for carbonic acid would be 

1 -H X' = V^^ = 1-0003568. 
1000590 

The value obtained by putting 

X' = (X — -000590) is 1-0003660, 

or this formula only introduces an error, 2 parts in 3500 in the valoe of X, or 

2 parts in ten millions in the value of K. 

t " On the Specific Inductive Capacity of Gases." Paper read before the 

Asiatic Society of Japan, April 18, 1877. 



an a stone piilitr, y, and 
y means of three ebonite 
s prevented from bending' 
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open condenser (fig. SK) consisted of a metal plate, t, 
juare centimetres in area, Iai( 
Another, w, snp])orted just above it 
levelling screivs. The upper plate 1 
by means of small "j^irders." 

Tlie closed condenser (figa. 40 and 41) consisted of a box in 
which there were 11 plates, each of ili4 square centimetres in 
area, fixed parallel to each other. Nos. 1, 3, 5, 7, 9, 11 were 
connected to the bos, and Nos. 2, 4, 6, 8, 10 to a wire which 
passed out through a long glass tube, MP. 
The tube EB went to the mercurial air-pump. 
^^ Tlie nitio of the capacities of the open and closed condenser was 




determined — first, when the latt«r was full of liir .it ordinary 
temperature and pressure, and then when it was filled with some 
other gas. 

The ratio of these two determinations gave the specific induc- 
tive capacity of the gaa. 

The method of comparison wus as follows : — 
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Method op Comparison. 

One conductor of each condenser was connected to earthy and 
the other plates were charged to equal and opposite potentials by 
means of a battery of 87 Daniell cells and a reversing key. 

The key was so arranged that when the ( + ) pole was connecte<l 
to one of the condensers, the ( — ) was connected to earth, and 
vice versa. The first position of the key gave connections, as shown 
in fig. 42, and the second as if, in the same figure, the lever b 
had been depressed and a raised. 

This arrangement gave double the difference of potential which 
would have been obtained by connecting the two poles to the two 
condensers respectively. For, if we call the difference of potential 



BATTERY 




Fit,'. 42. 



^C7 



CARTH >t 

Fig. 43. 



C ARTH 



between the poles of one cell unity, tlie latter plan would have 
caused a difference of potential of 87 between the two condensers. 

In the plan which was adopted, one eoiulenser was charged to a 
potential of 87 less than that of the earth (viz. to — H7), and the 
other to a potential of 87 more than that of the earth, and their 
difference of potential was 171. 

The two condensers were then disconnected from the battery 
and connected to the electrometer, as in fig. 4*3. When the 
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capacities were exactly equal, there was no duflectioD. "When 
tliey were not equal, there was a deflection whose direction showed 
which condenser had the greatest capacity, and whose amount 
d{-|>ended on the amount of their differenoe. 

This defieftion shows the potential of the remanent charge in 
athilrafi/ units of I he eleclromeler ; let us call it^j. 

In order to calculate the capacities, it is also necessary to know 
the jKitentiul of the whole charge in the same arbitrary units of 
the electrometer. 

With a small battery this (the potential o£ the whole charge) 
could lie determined by connecting the poles to the electrometer 
and observing the deflection, "With 87 cells this cannot be done, 
as the deflection would be greater than could be measured in the 
instrument. 

Tlie following method waa therefore employed. The two poles 
of the battery were connected, as in fig. 42, by a long fine wire, 
called a " resistance coil of 10,000 units of resistance," " 

It is known by Ohm's law f that the potential falls uniformly 
from one end to the other of any resistance wire which connects 
two pules of a battery; and therefore we cua obtain a known 
fraction of it as follows ; — 

Let us suppose the wire to be 100 inches long. Then the diflfe- 
rence of potential between one end and a point one inch from that 



end will be c. 



letiy 1 



^of thedifler 



B between the two ends. 



By connecting the electrometer jioles to one of tlie battery 
poles and to a point, such that the resistance between the elec- 
trometer poles is yJs P'lrt of the whole resistance between the 
battery poles, we shall get a deflection which corresponds to Yht 
ol the difference of potential between the latter. 

Let us call this deflection if ; then the difference of potential 
between the two poles of the battery will be equal to (100 d] 
arbitrary units of the electrometer. 

"We know that the charge of a condenser is equal to the pro- 
duct of its potential into its capacity. 

us cull the capacities of the closed and open condensers 
3 and O respectively. 
[' ^eir charges will then ht — 

(100 d. C) and ( — 100 rf. 0). 



• Set- Cbnpters XXI. and XXVI. 
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■When tliuy are added tog^itlior, they charge the two condene 
together U> a potential p. 

But the capBcity will he C + O, nnd therefore the cha: 
will hep (C + O). 

Now this is the algebraical sum oF the two former charg"^^^ 
and we have the Ibllowing csperimenlal er|uatioD : — 

100 rf C — 100 .; O = ;j (C + 01 
or 

(100 d — p)C = (100 d+p)0 



O lUOrf —p 

This dctermiDation of the value oi' having Leeil inadfl V 
the closed condenser full of air, anuthcr was made (ritli it E 
of some other gas, and the result written down as—. 

We theu have 



: 



i^iBi; Tniluctlve Capacity uftlie gas niiiler «iu mi nation, I 



The following results were obtained : — 

DiolKirir. SpccincIdductK-oCitpMiV, 

Air I'UOOd 

TwTinra -9985 

Carbonic dioiide .... 1-0008 

Hydrogen 'SBflS 

OmlRM KXm 

Sulphuric dioxide .... 1 0al7 
We see that Faraday's failure to delect any (iifference in I 

specific inductive capacities of gases was solely due to Uie t 

treme minuteness of the dilferences, and to the want of ddicfl 

of bis apparatus. 

The " probable error," in any of the above dL-terminatioiu, j 

calculated to be not more than 0-00015 ; that is, the last figi 

of each decimal is correct to within 1 J. 

SUJIMARV. 

The following table gives a general summary of the resnlta c 
the es]>erimeuts described in this Chapter. Their special inpc 
Lance with regard to the theory of electricity will be ( 
Part IV. 



PACITIES. 



"■■■_L 



1!W 



Vtur Bormo- 



Wl 1^ 



3-pM ; s-sti 
S'ois j yu 



,i"sri-- 
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APPENDIX TO CHAPTER XI. 



Pbofessob Boltzmann has had the kindness to send me the followinj^ expla- 
nation of his formula, given on page 92, for calculating the specific inductive 
capacity of a dielectric ball from the ratio of the attraction of it, and of a 
conducting ball, by a charged ball :— 
In every dielectric we may write — 

lx=:kH (1) 

where fi is the " dielectric moment " of a unit of volume, B the resultant fort'C 
at any point of the dielectric due to all the electric^ity acting, whether induced 
or otherwise, and Xr is a constant depending on the nature of the body. It 
is first necessary to prove that 

K = 1 -f- 4 TT Jt. 

where K is the specific inductive capacity. 

Let us consider one of Faraday's spherical condensers (fig. 25, p. 81). Let 
the radii of the two concentric balls be 

a and a + d 

respectively, and let there be only air in the space between them. 

Let the inner ball be charged to the potential p, and the outer connected 
to earth. Let the charge of the inner ball be + £ and that of the outer 
— E'. 

The potential at a point on the outer surface of the outer ball will be the 
same as if both charges were collected at the centre, and will be 

^^b"^^. .... (2). 

But as the outer ball is connected to earth its potential is zero, which gives 

E = E' (3). 

The potential at any point of the surface of the inner ball due to the charge 
E'ia 

E^ =,__E^. 

a + d a + d' 



1 
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B 

The potential at the same point due to the charge £ is "T 
The total potential f at the surface of the inner hall is then 

E _Eg 

a* 

when d is very small. 



^ a a + d 



(4). 



E 



Now c, the capacity of the condenser, equals - 

V 



(page 67). 
We have then 



__ E E n^ 



(5). 



Now let the condenser be filled with some other dielectric instead oi 
We may consider the dielectric to be divided into a great number of 
finitely thin concentric shells, each of thickness d. 

Every one will be polarized, so that there will be a charge — on its ii 
surface and + ^ on its outside. Each -|~ ^> except that on the outside ^ 
will have a — e next it, and each — e, except the one on the inside shell, 
have ?k -T e next it ; so all the charges will neutralize each other, except 
there will remain a — on the inner surface of the dielectric and a + 
the outer surface. There are now four charges acting, viz. + E, ^ e, 
and — E'. The potential due to all four together at a point on the o 
metal sphere will be 

E e . - E' 



4- 



(«); 



a-H6 a + 6"a4-d a-Hd 
and as the outer sphere is connected to earth, this must he zero, which sh* 
that E still equals E' after the insertion of the dielectric. 

The poiential due to the four charges at a point on the inner ball will \^ 

, E € . e E 

a a a -\- b a4-d 

= (E-e)(l- 1 )=(Jir-^ (7). 

\a a -{• 0/ or 

The capacity has been altered from c ^^ c' where 

E«' 



C = E_ 



(8). 



air. 
nde- 




--e 



p- (E — e) a 

Let us now corsider iha forces acting:^ 

At any point in the dielectric the charges — E' and + e have no efl\ 
while the charges -f- E and — e can be considered to be collected at the centT 

of the bill! ; therefore the electric charge acts with a force — r— on a unit 

a 

electricity concentrated at any point of the dielectric, for the charge E ac 

E . — e 

with a force - and — e with a force — j- neglecting quantities of 





e 



a 



order -— .. 
or 
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— e 



-^ is the quantitj which wiis denoted b j R (9) 

nation (1). 

le dielectric moment of the whole dielectric is e d, for h is its thickness 
^^ « the charge of one itide. The volume of the whole dielectric is 

4 IT a" d .• 

^^ dielectric moment of a unit of volume is therefore 

47^« • • • • • ^^«>- , 

This quantity was denoted bjr /i in equation (1). 
^^e equation (1) 

^^ay therefore be now written by substituting from (10) and (9) 

^ V or or 

e = 47rit(E — e) (II), 

^whence we obtain 

'=m*^i^ ^'"'^ 

and 

E - e = J^ ^13). 

1 + 4 JT AT 

Sabstituting this value (13) in (8) we obtain for c' 

c'=(l + 4,ri)^' 114), 

and substituting in (14) the value of — from (5) we have 

o 

(/ = (l'\'^nh)e (15). 

But the ratio of the capacities equals K, the specific inductive capa^'it}' of the 
dielectric ; and we have therefore 

K = ^ = (1 + 4 TT >l) . . . . (16), 
c 

which was to be proved. We note that any small part of a condenser with 
flat plates may be considered as part of a spherical condenser whose radius is 
▼ery large. 

4 
• For the volume of sphere of radius a, = - 7r a*; that of one of radius 

o 

(a -f- d) = 5" w (a -f d)'. Their difference, which is the volume of a shell of 

thickness d, is - tt (3 «" 3 -f 3 a 3* + d*), and, as d is small, we may neglect 
o 

its second and third powers. 
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Wfl Hre now to consider the attrartion of a dielrctrir hall. 

Let tin place nt any pdint, eaj for iiiatance on the " irorkiDg'ball," a c 
of electricity + E, and let itattrnota dieli'etric ball of radius 4. Each vi 
element of the ball will be dielectricallj polarized, and the Hide nearest to 
+ E irill be negatiTclj charged, and that furthest from It will be poaitivel; 
uharged, 

In the fnllowing argument we mast consider the distance between the char^ 
(i.e. the " the working-bull"] and the dielectric ball to be so great, compared 
with the radius of the latter, that all thelinesof force may be taken aa parallel, 
knd that all points of the dielectrin may be taken to be at prnclicallj tLe eamB 
distance from the chaise, eo that the forces acting on the eleutriuitj of t^ifl 
dielectric may be considered equal and paritllel. '^H 

When the electricity of tlie dielectric ball is undisturbed, wo niaj', if 4^| 
please, consider every clement of it t« be charged with equal and oppbsit« eieS^ 



tricities. If the total amount of each throughout the hall be called e, 






regard the ball as composed of two coincident spheres uniformly charged 
throu ghost— the one, which we wiU call A., with negative electricity, the other, 
B, with positive; the total charge being in the one ca«e — e.in the other 4- f. 
Since at present tbo two spheres are supposed to coincide, the result iaa sphere 
at every point of which equal and opposite electricities are present : in other 
words, a, perfectly neutral boll. 




Now let UB consider the cSect of the polarizalidn itniuced by the presence uT 
the charge + E ou the " woi king-ball." Since the forces exerted on tbe elec- 
tricities at every point of the dielectric are to be regarded im ucjual and p«rall«l, 
the equal and opposite Electricities at every point of the dielectria will be 
separated to the same distance, and in a direction parallel to Hit Um 
joining the charge -|- E with the centre of the dielectric. Regarding sepantclj 
the resulting disturbance of all the positive and all the negative cl]iir)tM.wc 
sea that the total ^-ITect may be represeated by supposing that the twosphen* 
of positive and negative dectricity which originally coincided and filled the 
dielectric bs 1 1 are displaced aa in fig. 44; the negatire sphere, A. being motnd 
slightly towards tbe charge + E, the positive, B, slightly away from it. 
total force eierted by the now polarized dielectric may be regarded u 
resultant of the forces eierted by these two spheres, A and B. 

We can determine the action on the whole dielectric ball from the action 01 
these two imaginary balls. 

We bave the one A cont^ning a quantity of ncgnlive electricity — e. 
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lb centre be at 0| (fig. 44). The second ball B contains a qaantitj -f- e, and 
We will suppose its centre to be at Os. 

Let us put the distance 0| Qa = X, where X is a very small quantity. 

The two balls A and 6 will now have the same external effect as if their 
charges ^ e and -H ^ were concentrated at their centres O and Oi respec- 
tively. 

The dielectric moment of the two balls A B is now 

e.OiC.oreX* (17). 

As the radius of each of these balls is 5, the volume of each will be 

^-4' (18), 

.d therefore the dielectric moment ft for each unit of volume will be got by 
ci i viding (17) by (18), and will be 

"=1^? (1^)- 

e electric attraction, on the charge E, of the ball A, with its centre at Oi^ is 

^ (20). 

B'liere r equals distance £ Oi. 

The repuUion of the other ball B is 

(T+T); ^^^'' 

^liich gives for the total attraction A exercised by the charge E on the 
dielectric ball — 

A =— — -^^ 



r* (r 4- X)« 

_ Eg{r'-f-2Xr-hX'~r'{ 

r* (r -h X)- 

= l^ = Eel>L (22) 

neglecting quantities of the order X'. 

We shall now seethe use of the equation (1), /* = ^ R. 
We know from (19) that 

_ SfX 

and we wish to find R. 

For this purpose let us imagine a unit of positive electricity collected at the 
point Oi, and see what is the total force exercised on it. 

The charge + £ exercises on it a repulsion — 

Ri = 5 (23). 



* This expression is the same as that for the moment of a magnet whose 
length is X, and the magnetic strength of whose N. and S. poles is — e and 
-f- 9 respectively. See page (149). 
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The ball A cannot act upDn 0| because Ox is exactly at its centre. 

Let us suppose the ball B to be divided in two parts. 

One a small ball of radius X, and having ita centre at 0^ (the small circle in 
fig. 44). Let us call the electric charge of this, c. 

The other, a hollow ball, surrounding it. 

This hollow ball does not act on Oi. The little ball, however, exercises a 
repulsion — 

K. = |i (24) 

upon Oi. 

As the ball B is supposed to be entirely and uniformly filled with electricity, 
we have, ratio — 



or 



that is 



whence, from (24) 



{volume ) ("volume of) 
of small ball J * I ball B j ' 



3 6 



"^ (25). 



R. = ^ (26). 



Since Ri and Ra act together, and in opposite directions, we have from (23) 
and 120) 

R = R. -.R, = ^-!^ . . . • . (27). 

This is the total force towards E which acts on the electricity concen- 
trated at the point Oi. 
The equation (1) 

now becomes from (19) and (27) 

3 e X A* E Jc e \ fc\Q\ 

i^'- ,-'~ -IT ^^^'- 

whence we obtain 

(4 TT ^ -h o) r 
Let us now substitute in (29), the value of 1 -f 47r Xr given in (16), and we 
shall have 



X_(K-1)//E ™ 

^-Tl^+2rr* ^^^^' 



Let us substitute this value of eX in the expression (22) which we found 
for A, the attraction oE the dielectric ball, and we shall have 

,_K-1 2E»*» ,..,. 

*"Kf 2* r»- ^^^^' 
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To obtain the attraction V of a metal ball, we put K = ao (i>ee page 102) 
tn the expression (31)* which gives 

A' = 2^'*- (32). 

Tlie ratiu (E* page 92) of the attractions of metal and dielectric balls is 
then f om (31) and (32), 

^* = -i=x^-i (^^)' 

and we see that (33) gives us 

K=-|:-^? (34). 

the equation used on page 92. 

In the actual experiments the correction.'f which has to be applied in con- 
sequence of the balls not being indefinitely small, is exceedingly minute ; the 
ratio of the corrected and uncorrected values of E* is only that of 1 to 1*003 
or 1*004, which would cause an absolutely inappreciable diiference in the 
value of K. 

* Of course, this is not the same E as we have been Ubing in this 
Appendix. 

t The corrections used will be found in Wiener Sitz., Bd. Ixx., pai*t ii., 
page 307. 
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CHAPTER XI I. 

ICAONETISM — PRELIMINAKY £XP£RIMBNTS. 

For these experiments there will be required two steel bar mag- 
nets about six inches long^ a small compass, some knitting-pins 
and sewing- needles^ a piece of watch-springs some soft iron bars, 
and some iron filings^ 2 or 3 lbs. As these can be procured for 
two or three shillings^ the student is recommended to obtain thcm^ 
and repeat the experiments as they are described. 

ExperimenU. — It will be found that magnets at t met pieces of 
iron or steel, and that the iron, and generally the steel, is attracted 
ec^ually by either end of the magnet. It will also be noticed that, 
if we bring one of the magnets near the compass, one end of it 
will attract its north-pointing end and repel the opposite, while 
the other will attract the south-pointing end and repel that which 
points to the north. 

TkH9 there is a difference in the ends of the magnets. To dis- 
tinguish the ends it is the practice of European manfacturers to 
make a file mark on that end of the magnet which attracts the 
south- pointing end of the compass- needle. For brevity I will in 
future call this end the marked end of the magnet and the other 
the unmarked end. 
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ExperimeHt. — Float one of the magnets on a bit uf cort i 
a basin of wntcr, so that it is free to move, and holdit) 
the other in the hand, bring first its marked and then i 
unmarliL'd end near the marked and unmarked ends of tl 
floating raagnut. 

It will then be found that 

The marked end of one repels the marked end of the other oi 
attracts the plain end, while the plain end rcpeb the plain ei 
and attracts the marked end; or, briefly, first defining that 
The em/» of a titaffnei are called Us poles, 
Like maijitellc poles repel each other, uitliie allraet. 
For the next esperiment it will be necessary to manufactutfl 
some mag'tiets. 

Magnetization. 

Magnetization may be performed by rubbingabar of hardst 
with a permanent magnet in a piirtieular way, or rather any < 
of two or three ways. The simplest is called " magnetization 
single touch." To perform this, the bar to be magnetized is laij 
on a board, fig. 45, near one end of which is a stop whose heigb' 
is less than the thickness of the bar. 




The magnet being held in a eloping position is drawn over ti 
bar many times, always in the same direction, say from a 
and always with the same end, say the marked one downwardlJ 
The bar will now become a magnet with its marked end 1 
a. If either the direction of motion, or the pole used, had be< 
changed, the magnetization of the bar would hai'e been revers 
If both were changed, it would not be reversed, or rather v 
be reversed twice. 

Another and more oonvenlent method is called " magnetizatioi 
by il->uble tonch," fig. 46. In this method the bar or kni 
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I laid on tlie table, und two 




tin^ iieedle to be magnetized 
magnets bein^ taken, one 
ia each baud, by opposite 
ends, tbe other ends, viz, 
the marked end of one mag- 
net and tbe plain end of the 
other, are held together at the 
centre of the steel bar. They 
are now drawn apart quite 
over the ends, lifted, and 

replaced at the centre, when tbe same process is repeated. After a 
Dumber of repetitions, the steel bar is found to be a more or lesa 
powerful magnet, tbe marked end being that over wbich the 
plain end of tbe magnetizing magnet has passed, and vice vena. 
Let as now take the magnet which we have made, and 
make a file mark on it, that we may know which Is tbe marked 
pole. 

Let u pen-tray, or other convenient vessel, be filled with 
iron filings, and the magnet put into it. On lifting it out, 
it will be found, if the process of magnetization has been 
skilfully performed, that a large bunch of iron filings bang? 
to each end, and that none, or hardly any, hang to any other 

h Thus the whole of the magnetic force of the magnet resides at 
Kits poles. 

^ Ml* 



Poles Insepakabi,b. 
Let us now try whether we can separate the p<>li 
ly a marked pole, and anotbe 



, so as to 
with only 



kve one magnet with i 
plain pole. 

By means of a file or pair of pliers let the magnetized bar be 
cut into two pieces ; it will be found that the old ends still retain 
all their magnetic properties unchanged, but the new end of the 
piece whieh had the file mark on it is an unmarked pole, and 
the new end of the other is a marked pole, and that either of the 
new ends will support as big a bimch of iron tilings as either of 
the old ends. 
^L Stiiength of Poles equal. 

^^ Thus every magnet has two opposite poles. To show that the 
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polus 18 equal, niiiffnotizt: u piece of watch- 
spring, and bt'iiil it round so as to bring tlie 
poieB tiigeilier (fig, 47). On bringing ib 
neiir* to a uompass, tberc will be no elTect 
wliatevcr,whichahoiV8 that the attrnction of 
Uic one pole exactly neutralizes the repulsion 
'"*'"' of the other. 

A better exjitrimunt, however, is the following. We know 
that the marUed end of n (.■orapaaa needle pointa to the north and 
the plain end to the south ; wn can thun consider tlie earth as b 
huge aiugnet, whose markud end is at the Sonth Pule and whose 
plain end is at the North Pole. 

Let a ois^net he floated in water bo that it !a free to move 
in any direction. If the poles are not of equal strength, but say 
the marked pole ia the strongest, it will be more attracted to the 
north than to the south, and will move northwards. Nothing of 
the kind aetually occurs j the needle twists round til! it has taken 
up a position pointing north and south, and then remains at rest. 
The opposite poles areof equal strength. In fact, if we take any 
magnet and cut it in two, each piece becomes a aeparato magnet, 
whose poles are of the samt; strength as the original poles, and 
generally : — 

Inio however maiig pieces we cut a magnet, each will have two 
oppotile poUs, tcliDie strenytk is equal to that <'f (he pnU% nf the 
original mo g net. 

Magnktiq Field, 

Any region where forces act is call 
forces are magnetic, it is called a 
briefly a inagneltc field. 

When the direction and magnitude of the forces are equal at 
all points in the field, the field is culled nnit'orm ; when the forces 
are magnetic, such a region is called a uniform magnetie field. 

Throughout a region the size of any ordinary table, the 
earth's magnetic force may be considered uniform. 

For convenience let the tahlo be set so that the compiisa 
needle points along it. Now at all points just above this 



1 field of force. If tha 
I of magnetic force, or 



\ 



• The poles must not be l)roiiKlit too close, or (' 
will act more powerfully thsn the one lar from it. 



T the compA!^ 



Couple — Aloment. 1 49 

'^Lable there will be a constant magTietic force parallel to the 
length of the tabla It will not be horizontal ; but^ as a constant 
X>i*oportion of it will be horizontal, we mav, for our present pur- 
'j>ose8^ consider it to be so. 

CoiPLB. 

The force on any compass-needle, or other magnet on the table, 
is now what is called a couple. 

Definition of a couple. — A couple consists of two equal and 
opposite forces, acting on a body in directions which are parallel, 
but do not coincide. It is obvious that a couple cannt^t move a 
body, but only cause it to revolve. The force acting on a water- 
wheel is a good instance of a couple. Neglecting for a moment the 
weight of the wheel, we see that, if there were no axle, the force of 
the water acting at A, fig. 48, 
would simply carry the wheel 
down stream. When, how- 
ever, an axle is inserted at O, 
then, in order to prevent 
the wheel being carried down 
stream, the bearings of the 
axle have to press on it with 
a force equal to that exerted ^K'«- 

by the water, and in an opposite direction. Here there are 
two equal forces forming a couple, and their effect is to make 
the wheel revolve. 

A magnet in a uniform magnetic field, in any position except 
parallel to the lines of force, is su])jeet to just such a couple, 
only, if the magnet is free to move, it very soon takes up a 
position parallel to the lines of force, and then the directions of 
the two forces coincide and the couple disappears. 

Moment. 

The directive force of a magnet, in a-ny position in any field, 
equals the force which a torsion thread at its centre would have 
to exert to keep it in that position, and is the moineni o^ the, couple 
exerted by the magnet, or as it is generally called, the moment 
of the magnet. 

Definition of moment, — Tlie moment of a couple is the strength 
of either of its equal forces, multiplied by the perpendicular die- 
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tance between tbe lines, whieb represent their directions and pass 
through their points of application. 

To return to our water-wheel illustrution. The moment, or 
turning force of the couple acting on the wheel, is the pressure 
exerted by the water on the paddles multiplied by tbe radins (or 
distance from axle to paddle) of the wheel. If we double the 
water pressure, we double the turning force ; or, if we double the 
radius of the wheel, the same water pressure will exert double 
the turning force. If we halve the one and double the other, the 
turning force will remain constant. 

In districts where water is scarce, the necessary mill-power is 
got by increasing the diameter of the wheels. 

To FIND THE Magnetic Momekt of a Magnet in any position. 

Draw the length and position of tbe magnet and the direction 
of the lines of force o£ the field, fig. 49. 

Draw lines A E, B D, through the poles A B of the magnet 
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parallel to the lines o£ force. Draw A C peipendicular to theee 
lines. Tiien A C, the distance between the forces, is called the 
arm. of the couple. 

The length A C, multiplied bj the strength of the pole, is the 
moment of the magnet A B in its present position. 

The total moment of a magnet is its moment when its direction 
is perpendicular to the lines of force; that is, when A C becomes 
equal to A B. 

We know that the area of a rectangle is its length multiplied 
by its breadth. 

Let us now, on the line A F, mark off a length A E, propor- 
tional to the strength of the pole, and complete tbe rectangle 
ACDE. 

The area of this rectangle is then equal to the length A C 
multiplied by tbe length A E, or, in other words, to the streogth 
of the pole muKiplied by the ai-m of tbe couple; that is, the 
rectangle A C D E is proportional to the moment of the coaple. 
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TLns, when we have settW what length on the line A F 
sbaU repreeent a unit of mnguetic force, we have a convenient 
method of finding the moment of any ntugnet in any 



y 



Thb MotiSNT OF A Magnet is not altered by cuttino it in 

PIECIS8. 
Let UB take our magnet A B, and, having determined its 
incment in any given position, cnt it up and determine the 
moments of the eeparat* pieces when they lie in the same direc- 
tion. On adding them we shall find they are together equal to 
moment of the original magnet. 
For, let the direction of the force be as before A V (fig. 50), and 
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¥'% i -> 

'A—c, ': > 



t the strength of the pole A be represented by the length A E, 
len, as before, A C is the arm of the couple and its moment is the 
a A C D E, Ts'ow cut the magnet into, say, three pieces, A4, be, 
icB, and determine their moments. To do tliis draw be, ce,, in the 
direction of the force at 6 and c, viz. parallel to A E, and mark 
off on them lengths b, e, c, e„ to represent thestrength of the poles 
i e. By our experiment (page 148) we know that these are each 
equal to that of A, so that the lines A E, b, e, e, «[, are all equal. 
The arms of the new couples are reajiectively A 6„ b, c,, c, C, and 
therefore their moments are the areas 

A *„ e E, b, c. e, e, c, C D e„ 
which added together make up the area A C D E, the moment 
of the original magnet. 

The total moment of a magnet is the moment when it is at 
right angles to the lines of force. 

Magnetic Potential. 

The potential Jue to a given magnetic pole is of precisely the 

name nature as that due to an electrified body nt that place. The 
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whole of tlie chapter nbout, electric potoutial (page 26) may t 
applied to magnetic poles, with the following alteration ; — 
( Body cliarged with | ( marked magnetic | 

-f electricity J \ pole. (' 

f Body cliarffed with l j f unmarked magnetic ( 

— electricity | ' ( p<de. / 

If, however, wc wish to ohtaiii the whole system of eq— - 
potential enrlaces due to u magnet, we must remember that thr; 
will be " symmeiriwil " on the two sides of a line drawn at ri^ 
angles to mid at the middle point of the straight line joining 
poles. For, suppose a miigiiet A B to be of any shape, fig. 51,— 



Fig. 61. 

tine of symmetry will be the lioeC D in the figure, "When we «^«y 
that the system will be symmetrical with regai-d to the line C D j, "'e 
mean that, if we draw the system for one eide, say the side A. — ^ "d 
then place a looking-glass alon» the line C I), the reflectioia of 
the drawn system will be a correct representation of the syst^^^m 
on the side B. 

CoroUarff. — The potential along the line C D is zero (see po^^^'s 
S7, 28), for the potential at any point of it is the potential d ^'^ 
to two eqni-dislant fqual poles of opposite signs. 

MiGHETiD Induction. 
fperiment.— 'YttVe a short bar of soft iron o 5, fig. 52, oftt^^* 

A hb a 



epole/ 



same shape as one of the magnets and place it against o 
it ia attracted, and either end of it is attracted equally. 

Now bring the compound bar A b near to the compass. We 
shall find that there is hardly any attraction or repulsion at B, 
but that a new pole almost equal in strength but of opposite kind 
to A bas been developed at b. This shows us that the end B of 
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^l~ie steel magnet has induced at a a pole of opposite nature and 
E^^most equal strength to itself. 

This accounts for the attraction of the soft iron, as the pole B 
^^itract^ the opposite pole which it has itself induced. (Compare 
I *age 7.) 

Intensity op Magnetization. 

The same steel bar may be magnetized more or less intensely. 

As a rule, if we increase the strength of the magnetizing mag- 

^xiet, we increase the magnetization of the bar. In all bars there 

:is, however, a ceilain limit, after which no amount of magnetic 

^orce can increase their permanent magnetism. This is called 

their " saturation point/' and bars so magnetized are said to be 

magnetized to saturation. 

It is possible to super- saturate a bar with magnetism, that is, 
to temporarily give it a stronger magnetization than it can per- 
manently retain. It is then found that, alter the inducing 
magnetic force is removed, the magnetic force diminislies at a 
gradually decreasing rate until it has readied its permanent 
amount. That is, for the first few hours it diminishes rapidly, 
then more slowly for somedaj^s, and very slowly for many weeks. 
For this reason all magnets used in investigations, whore the 
intensity of magnetization is afcsumed constant throughout the ex- 
periments, should be magnetized at least six months beforehand. 

The removal of the super-saturating magnetism may be hastened 
by any process which tends to allow the molecules to slide over 
each other. Such, for instance, as alternate cooling and heating 
in cold water, and water, say, at 150° F., gentle blows with a 
hammer, &c. 

M. Jamin* has constructed two magnets, one whose weight 
is 6 kilogrammes (about 12 lbs.), and which will support 80 
kilogrammes, or 13 J times its own weight; another weighing 
50 kilogrammes, which will support 500. This last is by far 
the most powerful permanent magnet which has yet been con- 
structed. 

The above weights were supported after the magnets had 
attained their permanent condition. 

Another of M. Jamin's magnets carried sixteen times its own 
weight immediately after being magnetized. 

• Comptes Rendus, 1873, T. Ixxvi. p. 1153. 
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It is said Ihnt very small iDagncts have been constructed whil 
will carry twenty-five times their own weight. 

Magnetic Units. — Uhit Maonbtio Polb. 

A unit magnetic pole is a pole which repels another unit p 
at unit distance with unit ol' force. 

In the C.G.S. tytlem* it is the pole laliich repeh a nmlar % 
liittant- 1 eeitfime/re wit/i a force of 1 dgne. 

Units. — Magnetic Moment. 

The unit of iiiognetie moment i» the moment of a m,aguet of m 
length, the itrengtk of lohote pole» in equal to unity ; or generally 
of any magnet, the product oftehote strength into its length is equal 
to unity. 

In the C. G. S. aystem the magnet whose moment is unity ia i 
magnet whose length is I centimetre, and the stren^h of wlic| 
poles has the unit value defined Jn the last paragraph. 

The magnetic moment ofa magnet is the strength of one of^ 
magnetic poles multiplied by the length ol' its axis. That of fl 
earth is et^ual to 

86,5OO,0O0,00O,00O,OO0.O0U,00O.000 C.G.8. anita. 



This 



Index Notation. 
a good opportunity to give the notation now adopl 



to save writing a long list of noughts in large numbers 
consists in writing the first of the whole numbers followed by ■ 
decimal point, and then indicating that the whole number and 
decimal are to be multiplied by 10 as many times as may be 
necessary. The number of times is indicated by a small fi^ 
called the " index" above and alter a 10. t 

This index gives the number of noughts in the multiplier ; 
as only one figure is put to the left of the decimal point ii 
number, the index is also the total number of noughts and fi 



Thus, 8.5 X 10" is know 



the first ol' which is a 5 and the rest n 



e to be tj followed by 6 ligun 



• Page 49. 
t Thus, 



H)>=^ lli X 10 X 10= 10110, » 



Index Nolalion. 



t[n this s^etem of notation the eartli'e mngnetic moment is 
tten 

^^ivhich is a mnch moi-e conveaient number both to write and read 
-^.lian the row of nou^hte above. It shows that the decimal 
f>oiDt ia to be moved 25 fi^ares to the right. Lou^ decimals are 
^sxpreseed in a simitar way, only the index is written with a 
s::xegative sign. A negative index means that the number is to 
%>: dividtd by 10 that number of times. 
Thas, 

8-55 X 10-" 

»ttns a decimal which, if written in fidl, is 
0-IX)0008E5 
It shows that the decimal point is to be moved fi figures to 
»leff 



Units. — Intensity of Maonetizatios- 



Let us imntriiie a quantity of a substance all uniformly miig- 
~V~>etized, and let us cut any bar out of it and determine its 
*nagnetic moment, 

Let us MOW, leaving tlie section of the bar the same, double its 

length. We shall double its magnetic moment, because, leaving 

tihe strength of the poles the same, we have doubled the arm of 

Ihe couple. In doubling its length we have doubled ila volume. 

Again, leaving the length the same, let us double the section; 

tve have now also doubled the magnette moment, for the strength 

of the poles has been doubled and the arm of the couple baa 

remained constant. In this case also we have doubled the volume. 

So again, if we double both the length and the cross section, 

we (juadruple both the moment and the volume. 

Hence we may stut<:, — 

Jf/rom any unifurmli/ wagnftijed tuftilance iFecut ai\^ piecewhat- 
eter, \U magnetic rnomeiil is timply proporlionai to Us volume.^ 
AVc can now define the unit intensity of magnetization. 
Tlie intensity of magnetization of any uniformly magnetized 

* It muj be noted tbnt this vaAtx i« aUo tbe iadei or cliandwwtio of the 
Lignritbra of the tiunib«r. 

f W« Me that, in tig. 60. p. 161, if we cut tbe magnet in two, and lay 
tbe piece* >iJa bj «)de, we kball liave tbe area of the rectangle A C D E itill 
the tame, becaose we tboll hare halved its height and douhlnl it> length. 
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substance is unity when a unit of volume of the substance baj 
magTietic moment etjual fn unity. 

7« the CG.S. ii/stem the unit of inieniHg of magnetizatloK ia i 
intenaily to mhich a suinlance must (if mngnelizeil that a cubic e 
timetre of volume of it mag hare a magnetic moment equal to u 
as defined above. (Piige 154.] 

The intensity of magnetic field is the force which a i 
will experience when placed within it, 

d magnelie field of unit intensity ta in the CG.S. »f/item a J, 
teiere a unit pole will be acted oa wit A afirce if one dyne. 

MaXIUDII op pEltUANENT AIaONETISU. 

It IB stated by Kohlniusch* that the maximum of ma^ietisi 

tinn wliich long thin steel rods can permanently retain is sboDtil 

785 CG.S. nniU of intensity. 



Pull on a 

il force oftln 



about 



Compass Needle. 
earth's mngnetism at Kyv 



and tending 



■170 djne. 

That is, if a conif'ass necJie, the strength of whose pole is unitv, 
be placed E. and \V., the force acting on each poll 
to turn it to im N.S. position, n-ill be -179. 

If the needle were one of Kohirausch's magnets, the foi 
would be 

•179 X 73o = 00-4dj': 

The force of gravity on a gramme mass at Gi-eenwicli is about 
9Hlj and therefore, if the ueeJIe were kept in the E.W. positi 
by means of a cord passing over a pulley, then the weight at the 

bottom o£ the c( 



»«« 



uld have to he ^-^gramme for each j 

iir order that the earth's force might be exactly balanced ; 

is about ^ gramme for each pole and 1.8 gramme for the whol 

magnet. 1"8 gramme is alwut 27 grains. 

MaOKETIO Sot.EHOlDS AND ShEI.I.S, 

For the purposes of mathematical calculation, actmil ii 
are often suppooed to be rejilaced by certain imaginary magi 



• ■' PlijBicHl Mes 



itfl." EdBlish Edition, p. 1 



So/enoids and S/ie//s — AlaxivelL 
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ec| nal to tbe actual magnets with respect to the points under 
ot»servation, but, owing to their shape, easier to nae for purposes 
rMkf calculation. 

j^V "Pile imaginary magnets are supposed to be made of what is 
MKiklleil "Imaginary magnetic matter;" that is, of a substance 
^^v-fjich has magnetic properties and no others, such as weight, 
v-olume, &c. 

For instance, we can consider that any quantity of this matter 
cs»n be collected al the same mathematical point. 



Defikitions* 



t»-) 



A magtielie »o/enoid is an infinitely thin bar of any form 
augitudinnlly magnetized with an intensity varying in- 
versely as the area of the normal section [that is, the cross 
section perpendicular to the length] in dilfercnt parts," 

[When of two quantities one varies inversely as the other, 
the product is constant.] 

" The constant product of the intensity of magnetization 
into the area of the normal section is called the magnetic 
strength, or sometimes simply the strength of the solenoid. 
Hence the magnetic moment of any straight portion or of 
an infinitely small portion of a curved solenoid is equal lo 
the product of the magnetic strength into the length of the 
portion." 
O " A number of magnetic solenoids of dlflerent lengths may 
be put together so as to constitute what is, so far as regards 
magnetic action, equivalent to a single infinitely thin bar 
of any form longitudinally magnetized with an intensity 
varying arbitrarily from one end of tlie bar to the other. 
Hence such a magnet may be called a complex magnetic 
Holenoid. 

" The magnetic strength of a complex solenoid is not 
uniform, but varies from one part to another." 
15.) "An infinitely thin closed ring magnetized in the man- 
ner described in (1) is called a ch/sed magnetic solenoid." — 
(Thoms^^n) 
Now it can be shown mathematically that the potential due to 

• Sct Proresjior J. Cl^rk Maxw.'ll, Efeclrir-Hi/. vol. ii. chnp. iii., ami Sir 
W. Tt>nm«on, Matirmaliral Titory iif MaijtKtitm, Papfri nn Electro- 
ilatiet amd Majvetit". olinp. t. p. S78. 
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0. Bimpie solenoid, and conseqnenlli/ all id mnffitelie "ffeeta, <Iep< 
only on its sti'ength and the poeitions of iU ends, and not at ^ 
on its form, whetlier straight or curved, between the ends. 

That is, that a eolenoid" can he considered as consisting of fr 
equal portions of magnetic matter collected at the points whi 
its ends are, and connected by a perfectly rigid non-magnetic 1 
without weight. 

Now if a solenoid forma a closed curve, the potential due to I 
is zero at every point, for we have shown that there ij 
due to any part except the pole?, and here the poles exact 
neutrnlize each other. 

Magnetic Siiell,s. — Dekinition. 

" If a thin shell of magnetic matter \% magnetized in a dire 
tion everywhere normal [iierpendicular] to its surface, tb^ 
intensity of the magnetization at any place multiplied by the 
thickness of the shell at that place is railed the strength of the 
magnetic shell at that place. If the strength of the shell 
is everywhere equal, it is called a simple magnetic shell; if it 
varies from point to point, it may he considered to be made np of 
a numberf of simple shells [of different areas] superposed and — 
overlapping each other. It is therefore called a Compla 
magnetic shell." (Maxwell.) 

It can be proved mathematically that 

The poteitlial due to a maffnetio shell at anypoiitt it fhe fifodudtm 

Us strength inlo (he mini angle sidlewleil hi/ its edge at IhegirenpoM 

SoMD Angle. 

The plane angle subtended by a length at a point i 
know, the angle between 
two lines drawn from the 
point to the eatremities of ^y 

the length, and this may ** 
be measured by describing 
a circle of unit radius round 

the point (fig. 53), and then the part of the circumference c 
off between the lines is the angle required. 

• When n " Bclenoid " is epoken of, a " simple iolenold " ia meant, unin 

the coDtrnry ia Btsted. 

t When & msgnetio shell ii spoken of, a slmiile magnetii- bIicII is i 
anleu Uhs contrary is stated. 
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mbteaded at a pot by ^ mvh hoMtJeJ Inr aanr dwi emc « 
tbw BkOfDied : — Dmrtfnigta SsHfiwH d pBtoaftWWa*- 
duT enrre to t^ ponrt. noe fines vil thai form a floae (fip. 
Si). Xov, with the poiat for cotoe, d«cnb» a ipWw «£ aaik 
ndisa. IWclndgtefineipMaa^tknn^ ttaMt&ee wiDaaft 

imti mrrr na Jt ■■ alf ■lafliilii ilii f.in a hn iMi l a ij iunr\ 

7%frt»»fai»emrr<m tkt mtid ofU iiiU I Mat m pmaUg 
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We we, if tre ncmae tte ana, the ItSM will widen out, aaA 

thnvTorr ibe uA^i ai>gl« ioocmm, or, if we bnii^ tlw (mat BeaKr, 

tbe eulid angle itimaaec. 
Aa aa i)liiFti«tititi, let o* plaoe a oumHc at tbe point asd a 

Lu]ge pcmn at a Cied diatauoe from it. Yta tn-in^ tj»e e^ieri* 

ment arcrmtcl r, the anvea woaU liare to be a boUow ipbere, bqt 

a flat nne it qait« raficieBt for parpoaea of iUnstntiM. If n». 

tfaing iDlcTpneet, the wbt^ of tiw Hglit falls on tbe tenea. If « 
^^ffaee c>f canl m interpoMd, tbe Ii^bt is divided between tbe card and 
^^^■H Mfcea, and tbe nze of ibe ^baduw of tbe cxri meaRnraa tite 
^^^pntitr of ligbl rwared by tbe canL Tbe (jiunlii v of ligbt t«- 
^^Hved l^ tbe card — tbat if, the aze of tbe fbadow '-d ibe scrct — 
^^^B nrapaftMBal to tbe Bulid angle Bubtrudod \iv llie nud a] tlM; 
^^^nt wberc tbe b^t ia. It n^ill be e««n thai a Ur^rm- raid io- 

cnaMB tW «txe of tbe f.luidow, or tbat muring tl>tr eame csard 

tusarer tbe lij^bt bae tlie sNnie efTivt. 

Again, if tbe vard be turned more or less edgewars to tbe 

ti^t, tbe dtadow will be ditniuisbed or increased as tiie enlid 

angle diminiabea and iucreafiefi. 
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EXPEUIMENTAL DETEnMINATION OF TllE LlNCB OK MAOMeno] 

FOKCE. 

The directions of the forces emanatiDg from a maguet arc, liU 
t!ie electric forces, always perpendicular to tlie eqrupot«t)tiaI a 
faces. The following is a method of tracing thestt lines of fca] 
directly. 

Take a board of the same or greater thickness than the n 
and let the magnet into it go that its upper side is flush with I 
upper surface of the board. 

Lay a piece of smooth paper over all and fix it. 

Now with a sieve or "colander" dust tine iron filings all a 
the paper. 

As each falls near the magnet, it is magnetized 'by indlM 
and tiirns round so as to lay its longest diameter in the Ij 
force at that iwint. 

Each of these minute magnets attracts the next till a contiBIB 
chain is formed all along each of the lines of force. Th« 1 
must be tupped from time to time to overcome the friction 
filings on the paper. 

If it be desired to preserve tlie corves, a piece of curd \ 
under side gummed may be laid npon them. When the j 
dry, the filings stick to the card. The magnet may be ; 
under a piece of glass instead of paper if praferrcd, in whioh '< 
il will not be necessary to let it into a board. 

A good way to prepare these curves for exhibition in » i 
lantern is to coat a piece of glass with some transparent oetti4t 
which melts on being heated. When it is quite hard, a mq 
must be placed under the glass, and the filings dusted o 
glass must then be carefully carried to an oven, warmed till \ 
cement is soft, when tlie filings will sink in. On removiog (j 
glass and allowing it to get cold, the filings will be all fixed j 
position. 

Plate XI. is an engraving of the actual lines of force det 
mined by Faraday for different magnets. 



• The cement sold under tbe nama o£ " Mend all " 
mil; be diluted wilh wutei' fur the porpoBO, 



B very wcU. \ 




CHAPTER XIII. 

TERItESTRlAL UAONI'TriSIf. HISTOEICAL NOTES. 

Introductory. 

Ip a magnet be balanced on a vertical pivot so that it is free to 
move in a horizontal plane, like a compass needle, it will take np 
a deterDiinat« position. The marked end points towards the 
north. Again, if a steel bar bo exactly balanced on a horizontal 
axis and then magnetized, it will be found that it no longer 
balances in a horizontal position, but that (in tlie noiihern 
licmiEphere) the marked end dips, the dip being least when the 
ne«dle is in that positioa which it would have taken up if free to 
move in a horizontal plane. 

The whole direction of the magnetic force may be seen at once 
by suspending a knitting needle by a fine thread attached to its 
middle, so that when unmagnetized it balances in a horizontid 
fiosition. If DOW magnetized it will turn till the marked end 
points northwards and downwards (not vertically but at a certain 
angle) and there rest. 

In different localities, or at different times in the same locality, 
such a needle does not always lie in the same direction. 

It does not in general point due north. 

The angle which the marked end • makes with a horizontal 
planeiecalled the "Inclination "or "Dip," The angle which that 
part of a vertical plane through the needle which contains the 
marked end makes with a line drawn due north from the centre 
of the needle is called the " Declination." Nautical men also call 
this angle the " Variation." We shall, however, use the word De- 
clination for the above -mentioned angle, and conliuc the word 
Variation to changes in that angle. 

This angle is of course the same as that which the direction of 



* Tlie marked end w apeciGed to avoid ambi^ltj about -|- o 
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an ordinary liorizonta! coini)ass needle makes with the ilirectioH 
of true north. 

Thus to obtain the true hearings of an ohject from the compass 
it is necessary to allow for the declination • of the pluce at the 
time of observation. Thia will be found by refi-rring to the 
Nautical Almanac. The present declination at Greenwich i 
about IS" W., that ic, the marked end of the needle poratB IB 
West of North. 

Eaely Obsbkvationb — Dbclihation, 

The declination is believed to have been first noticed in Kurop 
by one Pet«r Adsi»er t i" 1269 ; he found it to be then 5" \ 
The authenticity of the letter on which his claime rest is, hoil 
ever, very doubtful, and Humboldt considered that the Uri 
discovery of it was made by Columbus on September l^th, 14^8 

Whether Columbus was or was not the first to observe 
existence of the declination, there is no doubt that he was the firi 
European who observed that the declination itself varied, and mi 
different atdilferent times and places. It was, however, known I 
the Chinese in the beginning of the twelfth century. 

The first known work for the use of seamen was by Boroiiglu 
Comptroller of the Navy to Clucen Elizabeth. It was published il 
1581 and repriut^'d in i5!J5. It is culled 

" A diacDUTse on ike variation of the Cumpat or MagnetUt 
Needle," aai is dedicated io" the IravaiUen, sea-men and marint 
of England." 

Boroughs found that the declination of the needle was, 
Limehonse, on October 16th, 1580, equal to 11° 18' E. 

In the year 1622 Professors Gellibrand and Guntei- determine 
to repeat Horoughs's observations at Limehouse, They Ibund that 
the declination was then only 6° 15', and Boranghs's reputation 
suffered, as he was believed to have made a mistake of newly— 
50 per cent. 

In 1634, the two Professors Imving obtained new and improve 



nllowing fur decHnation,! 
such iuBti'umeiiti nre a 
in angle of IH" to the NJj 



• In using ft pocket mariiier'B compass, befon 
is well to look at tlie under side of the card, a 
corrected lor Ureeiiwicb by filing the magnet at 
line on the card, i.e.. N.N.W. and S.S.B. nearly. 

t Terrestrial aad Coimical MagnelUm, by E. Wnlker. M.A. (. 
Priie Essay, 1865). The whole of the early history of the declination ii 
chapter i» taken I'rum this work. 
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instrumeDts, determiDed to give Boroughs's repnt&tinn another 
chance, aod to repeat th^ir observations, Tiiis they did, and 
[_fbund that the declination wax now only 1° 4' 41^ E. 

Proressor Gellibrand concludes his essay as follotvs : " — 
" It were needlessc having so many sutfieient testimonies to pro- 
e any more. . . . Hence we may conclude that for the space of 54 
»r8 (the diSerence of time between Mr Borou^^hs's and these 
1st obeervation^ of ours) there hath beene a sensible diminution 
f V and better." 
Mr. Walker goes 011 to say — 

" Krom this period then the fact of the secular variation of tlie 
Klination may be considered to be completely established, and 
e determination of the extent and the law of this variation be- 

B recognized part of all magnetic investigation. 

" From recorded obsurvations wo find that this diminution itt 

e easterly declination which was called into notice by Qelli- 

^rand still continued, and that in 1660 or thereabouts the 

eclination in London vanished, i. e. the magnelic needle pointed 

e N. and S. After this it [the marked end] began to deviate 

F to the W., and this wosterly declination went on increusing till it 

reached its maximum about the year ISl^, when it attained the 

value of 24° 30' \V. Since that time it bus been decreasing, that 

18* the secular variation is now easterly." 

The ISCLINATION, 

Thb Dip ok Ixclimation was discovered accidentally in 1576, 
e Nomian, an inBtruuicnt maker. He published an account 
n a work which he called "The New Attractive," and from 
whii^h Mr. Walker has extracted the following paragraph:-|- — 
'' Having made many and diverse compasses, and using alwaies 
) finish and end them before I touched the needle, I found con- 
linuallie that, ailer I had touched the yrons with the stone, that 
present lie the North point thereof would bend or decline down- 
wards under the horizon in some quantitie ; insomuch that to the 
flte of the compass, which was before Icvell, I was still con> 
•trained to put some-small piece of ware on the simlh point and 
make it ei]uatl againe. Which elfect having many times passed 
by handes without ante great regard thereuuto, as ignorant oE 

• Wolker, Ibid., p. 15. 
+ Walker, Ibid., p. 116. 
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anie suuh propertie in the stone, and not Ijefore having heard 
read of aiiie such matter, it chitunced at len^h there 
hiinds an insti-utnctit to I>h made with a needle of sixe inches long, 
which needle after I had pollisheil, cut of a just leno^tb and nsade 
it stand levell upon the pin, so that nothing rested but oulie the 
touching it with the stone, when I had touched the same, pre- 
sentlie the North part thereof declined down in such sort that 
beinE; constmitied to cut awaie some of that part to make it equall 
againe, in the end I cut it too short, and so spoiled the needle 
wherein I had taken so much pains. Hereby being stroken into 
some diolar I applied myself to seekc further into this effect, and 
making eci-taine learned and expert men, my friends, acquainted in 
this matter, they advised me to frame eome instrument to make 
Bome exact triall how much the needle touched with the stone 
would decline, or what greater angle it would make with the 
plaine of the horizon. 

" Wherewpon I made diligent proofes, the manner whereof 18 
showed in tlic chapter following: — 

" Take a small needle of Steele wier of five or six inches loi 
the smailer and the finer mettnll the better, and in the mid) 
thereof (crosse the same) by the best means you can, fise as it were 
u Email axel tree of yron or brasse of an inch long or thereabout, 
and make the ends thereof verie sharpe, whereupon the needle may 
hang tevell and plaie at his pleasure. Then provide around plaine 
instrument like an astvolobe, to be divided oxaetlie into ICO (?) 
parts whose diameter must he the length of the needlb, or there- 
about, and the same instrument to bee placed uppon a fo<)te of 
convenient height, with a plumme line to set it perpendicular. 
Then in the centre of the same instrument place a piece of glasse 
hollowed, and against the same centre nppou some plate of brasse 
that may be fixed upon the foote of tlie instniment, fit another 
piece of glasse in such sort that the sbarpe eiidea of the axel tree 
being borns in these two glasses, the needle may plaie freelie 
at his pleasure accoixling to the standing of the instrument ; and 
the needle must lie so pert'ected that it may bang upon bia 
asel tree, both endes ievell with tbe horizon, or being turned 
may stand and remuine at anie place that it eball be set; 
which being done touch the eayd needle with the magnet 
stone, and set the instrument perpendicular by the plumme 
line, and tiirne tbe edge South and North so ns the needle 
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may stand duelie according to the variation of the place: 
which variation the needle of his own propertie would shewe, 
Were it not that he is constrained to the coutrarie by the axel 
tree. 

'* Then shall you see the declination of the North point of the 
touched needle^ which for this citie of London I find by exact 
observations to be 71° 5()'/' 

It was soon found that the dip is not the same in all places 
or at all times ; that it is subject to variations in the same way 
the declination is. 



Thk Magnrtic Equator. 

Generally speaking, the needle is nearly horizontal at the 
Equator. The points where it is exactly horizontal form an irre- 
gular curved line near the equator^ and at the north of this lino 
't:he marked end dips^ at the south the plain end. This line is 
c^alled the magnetic equator. As we approach either pole the 
Xieedle becomes more and more nearly vertical, and at certain 
p>oints in each hemisphere it stands exactly vertical. 

The Intensity. 

The intensity of the earth's magnetic force is also difforcnt at 
different times and places. 

The first attempt at systematic observation of it was made by 
the French Government in 1785. The expedition they sent out 
consisted of two frigates, L* Astrolabe, Capt. l)e Langle, and 
La Bousiole, Capt. De La Perouse, commander-in-chief of the 
expedition. Letters dated Botany Bay, 1788, were received, and 
after that date nothing more was ever heard of the expedition. 
It is supposed that the ships were lost with all on board. 

M. Paul de Lamanon, who accompanied the expedition, dis- 
covered that the force was less in the tropics than towards the 
poles; but the first systematic observations were those of Hum- 
boldt, made during his travels in America between 1708 nnd 
1803.* 

• Walker, Ibid., p. 183. 
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CHAPTER XIV. 

TfeERBSTUIAL MAONBTISM. — MODERN EXPERIIIKNTAL METHODS. 

We shall now describe the methods used in modern observa- 
tories for continuous observation and registration of the three 
quantities — 

Declination^ 

Inclination, 

Intensity. 
There are in practice four quantities to be determined, as the 
intensity of the force is always resolved in two directions at right 
angles to each other, and observations are made on 

Horizontal Intensity, and 

Vertical Intensity. 
Of the three quantities, inclination, horizontal force, and ver- 
tical force, it is, however, only necessary to observe two, as when 
any two are known the third can be calculated. In survey work 
the inclination and the horizontal force are observed and the 
vertical force calculated. In observations where self-recording 
instruments are used, the vertical and horizontal force are ob- 
served and the inclination calculated. 

Instruments. 

The Unifilar Magnetometer, Kew Patcern. 

Plates XII. and XIII. 

This instrument is used 

For determining the absolute horizontal force — 
By observations of deflection. 
By observations of vibration. And 
For determining the declination, that is, the angle between 
the astronomical meridian and the direction of the earth's mag- 
netic force. 



The Unifilar Magnetometer. 
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B the instrument ari'aojred for deflection ob- 



TlateXII. sho« 
s«»-vations. 

Tlate XIII. shows it arranged for oWrvatioDs of vibration. 
~We will immediately describe tbe experimental methods of de- 
^-^rmining the time of vibration accurately, and of mabiiijr 
^cBection observations ; but we will first show botv the value of 
tl»e horizontal force can be determined by a combination of the 
«jWrvation8 of deflection and vibration. 

VMiralian EfperhnenU. — It can be proved that, if a ouBpended 
«t pivoled magnet be allowed to swing in a horixontal plane 
under the influence of the earth's force, iX\e proiiaH of the earth's 
horiEontal force into the magnetic moment of the magnet will 
be inversely as tbe square of the time of a vibration, Tlie 
magnetic moment of a magnet is, as we know, its length multi- 
plied by the strength of one of its poles. 

I Jifjitcdoit EfpcTunenU. — If a suspended magnet be deflt-cted 

^^H by another magnet, the amount of deflection will depend on the 
^^P tatlQ of the earth's horizoutul force to the moment of thu deflect- 
ing magnet. 

In the observations which we are about to describe, the same 
magnet is vibrated, and is used as a deflector. 
j^^H^ Let H be the horizontal force, m the magnetic moment of the 
^^^r deflecting and vibrating magnet K. These are uoknonn quan- 
^^H titles to be determined. From the observations of deflection we 
^^H can calculate the ratio of H to u ; that is, if we put 



is a known quantity. 
From the vibration observations v 
■ ; that is, if we put 



■ know the product of H and 



^^H Hence 

I 



B is a knoivD quantity. 
Bat if A and it are both known their produi^t A B i 



s known quantity. 
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Cancelling, we liave 

II' = A B. 
or 

H = VTB, 

that is, tlie lioriKontnl component of the earth's mognetistn 

ecjuals the square root of the proJuet of the two quantities detei 

mined respectively by observations of deflection and vibration. 

Similarly, if we wish to determine m, we have 

H™_ B_ , 

H A 



-Jl 



When we know m we can determine H at different times I 
places by olifiervations of deflection only; so that it ia only 
necessary to make the vibration observations at the befjinning of I 
11 survey. Jt is better, however, to repeat them whenever there [ 
is a convenient opportunity, so as to guard against the intro- 
duction of error by accidental changes in the etrenytli of the 



Observations qv Deflection. 

Plat* XII, shows the instrument arranged for deilectio 
observations. 

The instrument, when in use, is supported on a tripod Btaod ] 
similar to that used by photographers, tliree radial V grooves carry- 
ing the three levelling screws which form the feet of the instni- I 
mcnt. The magnet G is suspended by some fibres of unspuo j 
silk C to a torsion head, and rack apparatus P, by which latter I 
it ean be raised and lowered. 

Before suppending the magnet a circular brass plummet (E, 
Plate XIII.) of the same weight as the magnet is suspended for 1 
a coufiidcrable time to the threud and spins round under the infli 
ence of the torsion till that is eliminated. The plummet is then 
removed from its socket and the magnet attached instead, tha j 
Boeket bein^; meanwhile held so that it may not twist and intro- I 
dnce fresh torsion. 

A graduated brass bar, D, carries on a carriage, L, the deflecti- j 
ing magnet, K. Before K is put into position the azimuth of the ] 
suspended magnet is observed, K then causes a deflection. The | 
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^ Irdigth of K is coDstant aiid known, and it acts against tlii; earth's 
l&orizontal force, wliich is vnriable. The amount of deflection is 
"fc lien a measure of the earth's horizontal force; when the fitrce 
i s great the deflection i§ small, when it is Bmall the deflection is 
^»Teat. 

The amount of deflection is observed by a modification of the 
"Kaiirror method already described.* 

This modilicatioa consists in substituting for the concave 
»nirror a plane mirror, H, and for the lamp a telescope, A, to 
'^vhich the scale B is fixed. On looking into the t4.-lfseope part 
of the scale B is seen by reflection in the mirror. If the magnet 
'IS deflected the mirror turns with it and a ditferent portion of the 
scale appears in the field of view. The eye-piece of the telescope 
is furnished with a vertical spider line, which enables the exact 
*ieHection to be measured ; for the difference of two readings of 
l.be divisions of the scale crossed by the spider line gives the 
number of scale divisions corresponding to the deflection of the 

IDeeJle which has taken place Ifetweeu tlie readings. 
Delallt at (o the u»e of the Imlrument, — It is first carefully 
levelled, and then, the deflecting maguet K being removed, the 
whole apparatus is turned on a vertical pivot (the end of which 
can be seen nnder the base) until the reflection of the centre 
of the scale B conies upon the spider lines in A. This is to ensure 
that the bar D shall be at right angles to the direction of the 
magnet. The apparatus is then clamped by means of the vertical 
screw M, and, if necessary, a fine adjustment is made by the 
horizontal tangent screw below M. The magnet K is then put on 
its carriage L, and slid along the bar to a given distance from 
the susjtcnded magnet. 

>The deflection is then read. 
The magnet K. is then placed at an equal distance on the other 
side of the suspended magnet, and the deflection in the opposite 
direction observed. This eliminntes any inaccuracy in the first 
adjustment of the instrument, as the second observation would, 
by such inaccuracy, be moilc as much too small as the first is 
too great, and viee rersd. When time permits, several pairs of 
observations at different distances are made. 

Observations are also made' with the deflecting magnet K 
m the same position but with its direction reversed. 
• See Part I., p. 38. 
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Fiom these oligervntiona we get, by n mathematical proceaSj 
tlie ratio of the magnetic strength of the magnet K to the bori- 
zontiil force of the earth. 

In all the observations wooden shutters are inBerted to protect ^ 
the Buspendifd magnet from currents of air. 

The strength of the deflecting magnet K decreases as the tem- 
perature rises. The tem|Krature must therefore be observed, the 
correction calcnlutt-d, and the results of the observations all re- 
duced to a uniform temperature. 

The strength of the suspended magnet does not enter into the 

calculation, for any altemtion in it would affect equally the 

earth's attraction and that of the deflecting magnet.' 

Observations ov ViBRATrou.f 

The arrangement of Plate XII. fitai/ be used, the deflecting ma^ I 
net being suspended in place ofthe former suspended magnet. 
conspicuous point being marked at the zero of the scale, the time ] 
of a half-vibration is the interval between two suceesstve passages I 
of this point, as seen by reflection in the mirror across the spider I 
line of the telescope. 

This method is often used in determining times of vibration 
with other kinds of apparatus. With the Eew magnetometer it 
is however preferred to make the vibration ohservatioua with 
the modification of the above arrangement, which is shown 
in Plate XIII. 

For this purpose the telescope and scale, deflecting bar, and 
torsion apparatus are removed, and another telescope B, torsion 
apparatus D P H, and magnet box A are substituted, as shown 
in Plate XIII. 

The magnet which is suspended is the same magnet as is 
marked Kiu Plate XII., and there used as a deflector. It consists 



3 



of a magnetized steel tube, fig. 55, at one end of which is flat 
glass, on which a minute scale is photographed, and tit the other 

• P«rtlII..ChBi>terXIS. 

t See Miuwcir* Eliviriciti/, Art. i56, vol. ii. p. Kj2, ami Admiralty 
Manual Iiutruclioax for Magnetie Sureeyi, p. 19. 
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*8 a collimatiug lens, that is, a lena siicli that rays diverifing trom 
%))e Ecule at one end of the mng'not, and falling; t>u tlie leue at the 
«aiher are rendered parallel. Tlie circle is now turtitd till the 
"Vertical sjiider line of the telescope B cuts the middle division of 
ibe scale of the magnet as the telescope looks into and throuj^h 
"the magnet. 

The magnet being set swinging, the approximate time of a 
talf- vibration is roughly determined by simple observation. By 
the time of a whole vibration is meant the interval between two 
successive passages of tlie zero point in the snme ilireclhn over 
the spider line, By the time of a half- vibration is meant the 
interval between two consecutive passages j tlie consecutive pas- 
sages being, of couree, in opposite directions. In some French 
tooks the latter, whicli in England is called a ha!f-vibratioc, 
is spoken of as a vibration. 

The time of a half- vibration will be, with the magnets usually 
supplied, from 2 to 4 seconds. 

A clock beating seconds being placed where it can be seen and 

where the beats can be heard, the time at which the observer 

Temoves his eya from the clock is called out and written down 

assistant ; the observer goes on counting hy ear from the 

'hen he looks away from the clock, and looking through 

telescope notes between whith beats the centre of the scale 

pider line. The fractions of a second arc determined 

by estimation and obser\'ation of the scale. If, f.ir instance, at 

The beat before the passage the spider line was 5 divisions to 

left of the zero, and at the heat after it, 20 to the right of 

zero, we should know ihaL the passage had occurred ^ or -J 

a second after the first beat. 

The observer must choose an odd number of balf-vibrations, 
that the interval consists of from 12 to 20 seconds, giving 
enough to look at the clock and get a fresh start for 
counting by ear. The number of half- vibrations chosen must 
be odd, in order that alternate passages to right and left may be 
observed. 

Suppose, for instance, it is decided to observe every 7th pas- 
sage. It is not necessary to count all the 7th passages, but the 
approximate time of vibration being known the time at which, 
say II, 7th passages may be expected, starting from an even 
minute, should be written down and placed conspicuously in front 
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of the observer. This is merely a convenient plan to ensare 
right passo^ being rend in each case. 

The observer then wuils till a passage occurs at or uear~ ^^ 
even minute, and begins to observe alternately the passogee^ '" 
ihe two directions, which oct-ur most nearly at the times writ"*-'* 
in the list before him. 

For convenience of writing down, passages in one direct »^-^ 
chosen arbitrarily are culled +, and those in the other dir^^"*^' 
tion — . 

They are called out and written down by an assistant in t-^^ 
colnmns, the + passages on one aide and the — passages • 
the other. 

For a reason which will be seen immediately the set mnst co^^^^^ 
elude with a passage of the same sign as that with which -w 

began, so that if, for instance, we begin with a + passage ai^^^^ 
take 5 — passages there will be 6 + passages. Suppose, no'^^*'^\_^, 
there arc & + and 5 — readings, the mean of all the — readin^^^^^^ ^ 
should be obviously equal tc the middle rending. The objecs^^^^^^'^^ 
of having 5 is to ensure giealer accuracy. The mean of the i^*" — 
negative readings is written down us ^ 

'Time of mean middle negative passage from — obscrvu 

tions, h. m. s.' _^ 

But also the mean of the 6 -*■ observations should give th^^^-"^^ 
time of middle negatlee passage ; for if they are divided into pairs,*^*'^-^^^ 
1 : 6, U : 5, 3 : 4, the first member of each pair is its much -—^^ ' 
before the middle — passage as the seeoud is after it. 

Their mean is then written down, 

'Time of mean middle negative passage from + observa- 
tions, h. m. s.' ^ 

The agreement of ihese two means is a test of the goodness 
of the observation. Their mean is written down, 

' True time of middle negative passage, h. m, 6.' 

The magnet is new left to itself for a period of between 200 
and 300 half- vibrations, and then a second " true time of mean 
middle negative passage" is determined by 11 observations, 
6 -I- and 5 — , exactly similar to tlie first set. The interval 
between the two middle — passages is now determined by sub- 
Iracting one time from the other, and written down, 

'Interval between mean middle negative passage of set I. 
and ditto of set II., m. s.' 



P'i&raHon Observations. 

The time ofa half- vibration is again determined by taking- the 
■us ^TAinsofwveral intervals, takcD at rnndom in either set; or hetter," 
f>i<:='l;ed out from those observations in whiuh the observer feels 
xi:»«:>st confidence. This is written down, 

' Time of half-vibration, 2nd approximation, seconds.' 
^t is obvious that there must have been an eeen whole numhcr 
of~ frr^assiiges between the middle negative p:issan;ea of sets I, and 11, 
"-•'he interval between them ia divided by the 2nd approsimu- 
tJ<:>«-ito the time of a half- vibration. The nearest even whole 
i^ *-a Kmber to ilie (jiiotient is the number of half-vibrntions between 
tl»«^ mean middle negiitive passages of Beta I. and II. 

'-■.'his interval being then divided by this even whole number, 
t•^*^^^ quotient is the Srd approximation to the time ofa half-vibro- 
^*<*»z» and is written down, 

'True actual time of half-vibration = seconds.'* 
^-"t* i B, however, is not quite what is wanted j we do not want to 
•^■^■«:*w the actual time of a vibration, but what the time would 
'*^*-"^i^« been if all disturbing causes had been removed, and the 
•^^ ** j^net had been at the standard tcmperature.f 

^i^Tie temperature must be observed ut the beginning and end 
*** ^^^^eh set. In Plate XIII. a thermometer C is shown attached 
** "fc-lie magnet box. 

COKEECTIONS. 



fc*> 
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V the vibration observations a correction has to be applied 

^hek rale. — If the clock is gaining or losing the beats are not 
ctly seconds; the correction to be applied ia, if » be the num- 
of seconds lost or gained in a day, 

Troe ti-ne = olw. time x - ^^ 

>rc * is 4- for gain, — for loss. 86,400 is the number of seconds 
•- day. 
~*^ » the deflection observations corrections have to be applied 

""^S^xpansion, and error of graduation of bar D. 
^■'-^istributiou of magnetism ou suspended and deflecting mag- 
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Alteration of the same by mutual induction of the magnet«. 

Variation of distance and direction with angle of deflection. 

In both observations corrections have to be applied for — 

Temperature. — The effect of temperature on the moment of tha I 
magnet is determined by separate observations, and the diminu- I 
tion for each degree through which the temperature increases is , 
observed. The correction is not constant at all temperatures. A I 
formula, which has been found by experiment to be approxi- I 
mately true, is as follows : — 

If / be the observed temperature, and t, the adopted standard I 
temperature, 

Mi^tiolioDloraeiitat f,= (inBg, m.im. at t) [?(<, — + j' (f. — <)*]. 
and q and q are numbers which are constant for the same ma^J 
net, but dilferent for different magnets. They must both be ' 
determined separately for each magnet by experiment. 

Any decreate in the magnetic moment causes a corresponding 
increate in the square o/"the time of vibration, so the above cor- i 
rcction must be applied to the square of the time of vibration iaa 
the invei-se direction. 

liiriioH. — The torsional forec of the suspending thread de-J 
creases the time of vibration, and has to be corrected for. 

The torsion bead being turned 80" alternately in the two direc- 
tions, the mean of the deHections produced is called u. 

The magnetic directive force ia Um, nnd if T be the force ofl 
torsion the ratio of the force of torsion to the magnetic force is 
T _ » 

where u equals the angle through which the mnyiict is dellectecl ] 
by a twist of 90° in the thread. 

Also, a correction has to be applied for the moment of in- 
ertia and arc of vibration of the magnet. 

Speciugs Observations. 

As a specimen of these kinds of observations, the author herel 
inserts some extracts from the det.ii]s of a comparison of ma^V 
netic force at his laboratory, and at Kew." 

The same magnet was vibrated at Kew Observatory and at I 
the author's laboratory at Pixholme, Dorking. 

Prom some preliminary experiments the approximate time of B I 
• Phil. Tmns., 1877. jage 22, 
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half-vibration at Pixholme was found to be S*693 sec. Five 
different double sets of observations were taken. 

The following are the details of set (1), Parts I. and II. Every 
seventh passage was observed : — 

PART I. 
April 23, 1876. p.m.— Mean temp. 13-9° C. 



Passages in(i 


-) direotioxL. 




In (~) direetioii. 


br. m. 


sao. 


hr. 


xxu 


sec 


6 22 


3i 












6 


22 


29 


6 22 


65 












6 


23 


20| 


6 23 


46i 












6 


24 


12i 


6 24 


38i 












6 


25 


4 


6 25 


80 










• 


6 


25 


66 


6 26 


21i 








Mean 6 24 


12-458 


6 


24 


12-400 



Time of middle negative passage. 

hr. m. sec. 

Prom (+) obs 6 24 12-468 

From (— ) obs 6 24 12*400 



Mean 
PART II. 



6 24 12-429 



br. m. 
6 3tf 

6 

6 

6 

o 

6 



39 
40 
41 
42 
43 



Mean 6 41 



rection. 




In (-) direction. 


sec 


hr. 


m. 


860. 


2 










6 


39 


28 


63^ 










6 


40 


194 


45i 










6 


41 


11* 


37 










6 


42 


3 


28i 










6 


42 


54) 


20i 








11-83 


6 


41 


11-26 



18 



Time of middle negative passage. 

br. in. see. 

Prom (+) obs 6 41 1183 

Prom (— Jobs. . . . . 6 41 1126 

Mean 6 41 11-545 

Interval between mean negative passage I. 

and „ „ II. 
16 min. 69'251 sec. = 1019 251 sec. 
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If we divide this by 36i)3, tlie approximate period of a hal 
vibration, the nearest even whole number to the quotient w 
the number of passages in the time. Dividiu^ by 3693 \ 
obtain the quotient 275'09 which gives 276 half- vibrations il 
the time. 

Dividing 1019-25 sec. by 276 we obtain for the uncorrected " 
time of one hulf-vibration 3-6929 sec. 

This and the other lour sets being corrected gave the times of 
vibration at Piiholme on certain dates. The times of vibration 
at Kew were determined on certain other dates. Also the ratio 
between the magnetic force at Kew, on the dates of the Fisholme 
and on the dates of the Kew observotioua is known from tll8, 
records of the biiilar." 

We assume that t!ie ratio of the magnetic foice at Pixholniq 
and Kew at the same time ia constant. 

Then we havo 

Batio at any time of j 



"8q. ofTibr. tiniB < ] 
nt Fiiholme I 



(Vibr.timeatKew)' 



tim« at Kew) 



Hor^ Force nt. K-'w at time of Kgw vibr- 

' (Vibr. Uwe at Pitlioline)' ' Hor. Fun-e at Kew at time oi Fixholiue ribr. 

Wescethat if thesame magnet could have been vibrated at the 
same time at Kew aud Pixholme, the ratio would have been 
expressed by the first term only of this product. 

A magnet of the size usually supplied will swing for nearly a 
hour between the times when the arcs of vibration are too laig«l 
and too small for observation. 

0DSEKVATI0N3 OF DECLINATION WITH THE UnIFILAH M.\0NET0- ] 
MliTEB. 

For determining the declination, that is, the angle between the J 
astronomical and magnetic meridians of a place at any time, the I 
same arningcment (Plate XIII.) of the instrument is used as fori 
vibration observations, N is a little plane mirror called the transit J 
mirror, by reflection in wliich the sun can be seen in the telescope. 
"Theref are three adjustments required for the transit mirror. 

• Page 190. 

t Admiralty Iiistrucliuna for Magnetic Surveys, p. 21. 
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tbeh 



ich the mirror is attached n 
8 adjustment is performed by means of a riding-level, 
" iiDd. The mirror must be parallel to tbe axis of the cyHiidricnt 
£^xle to whii^h it Is attached. This adjustment is mode by mi;ans 
^if a screw at the back of the mirror, as follows : — Turn tlie t'ircle 
^o that any well-defiued object sufficiently elevated can be 
■njflected into the tek-scope. Bisect the object by the wire of the 
telescope; reverse the axis, and observe whether the objret 

fKeiuains bisected by Ihe wire; if not, by the adjusting sctcw alter 
!the inclination of the mirror nntil it is half the distance from the 
'Viro. Reverse again and n^ain, until the object remains 
bisected before and alt,er reversal of the axis. 
"3rd. Tlie line of collimation of the telescope must be perjwn- 
dicular to the axis. Having made the first two adjustments, this 
adjustment may bo made thus : — Suspend a plumb-lino of some 
length in a shelt^-red position, or, if possible, within a house (the 
weight should swing in water to prevent oscillation). Turn the 

t circle until the wire biseclS'the plumb-line, as seen directly; read 
the circle and turn it through exactly 1S()°. Observe whether 
tJie upper part of the plumb-line, when reflected into the telescope, 
coincides with the wire; if not, tbe adjusting screws must be 
moved until it does. In this operation it will l>e necessary to 
remove the magnet-box and suspension-tube. When this adjuat- 
(Dent is completed, the adjusting screws ought to be fixed as 
lightly as possible. 
" In the instruments most recently constructed, the telescope is 
furnished with a collimating eye-piece, by which, when the piano 
of the transit-mirror is vertical, the image of the wire of the 
telescope will be seen by reflection from it. By means of the pro- 
per adjusting screws, both the second and third adjustments may 
be effected by milking the wire seen directly, coincide with its 
image seen by reflection before and after reversal of the transit 
axis. Both these adjustments can thus lie readily verified before 
each observation." 

Dktehmination op thk Astronomical MERiDiiU. 
In using the instrument — 

lat. The magnet must be raised by the rack-work, so that the 
mnsit mirror can be seen in the telescope through the glass 
IriDdowfl in the end of the box. 
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Then the whole upper part of the instrument is turned ^' in 
azimuth ^ (that is^ round the vertical axis) and the transit mirror 
in altitude (that is^ round its horizontal axis) till the sun is seen 
in the telescope just to the east of the cross wires. The circle is 
now clamped and the times at which both limbs of the sun pass the 
cross wires are noted with a chronometer. The verniers are read by 
means of the microscopes. Then^ to eliminate any error in the ad- 
justment of the transit mirror, it must be reversed in its bearings 
and the observations of the sun repeated and the time again noted. 

From these observations and a knowledge of the time at the 
place^ the latitude and the approximate longitude^ the direction 




Fig. 66. 

of the astronomical meridian can be found by trigonometrical 
calculation.* 

Determination op the Magnetic Meridian. 

The magnet is now lowered and observed by means of the 
telescope, the circle being turned till the telescope is approxi- 
mately in the line of the magnetic meridian. The circle is then 
clamped and turned by means of the tangent screw until the 

• Formula of reduction : — 

Let a = Polar distance of Sun at the time, 

h = Co-latitudo of the place of observation, 
C = Hour angle of Sun at the time, 
A = Azimuth of Sun from south, 
15 = Any angle. 

Then tan. J (A + B) = |;^}-|^'J cot i C. 

tan. i (A - B) = ""' { |° 7 ^i cot. \ C 
1 (A -h B) -h i (A - B) = A. 
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centre division of tbc scale in tbe ma^et comes upon the spider 
Hue. Tho verniers are notv reatl. The magnet is then inverted, 
that is, it is turned throngh 18U° round the tine Joining its poles. 
The circle is again adjusted till the epider-line comes on the 
centre of the suale, and the verniers read. The object of this 
double reading is this : — It is impossible to make sure thnt the 
magnetic axis of the magnet coincides with the centre division of 
the scale. There will usually be some small angle between 
them. Tbe mean of " ei-ect " and " inverted " readings of the 
scale gives the mognetic meridian independent of the magnitude 
of this angle. Fur in iig. 56 let S N be the magnetic meridian 




and L ^[ the direction of tlie middle division of the scale when 
the magnet scale is erect; then A will be the position of the 
telescope." 

Now let the magnet be inverted. The diret'tion S N will remain 
nnultered but the direction L M will make an angle with it in 
the opposite direction and equal in magnitude to the former angle, 
and the telescope will have to be moved to the position B, fig. 57. 
The mean between the two positions A, B, of the telescope is the 
true direction S N. It can be easily seen that half the difference 
between the readings A and B is tbe angle between S N and L M, 
when this is known it will save inverting the magnet when 
observations have to be made quickly. 

" Thef torsion of tbe thread should be removed at every poB- 
* The angle between L M and S N has been much exagf^rated for cleuroew 
■ tiie Ggnres. In no actual iiiatrument would it be more than a snuU fraction 
■•degree, 
Kf Admiraltj Instractioui for Magnetic Surrefs, p. S3. 
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siUe opportunity. This Is done by removing: the magnet and 
EiibEtitulin<; a brass bar of equal weiffif, allowing the bar to )iaii<; 
until it lias aesiimed a steady position, and inrning- the top of 
the Buepeneion-tiibe until the bar hangs steadily in the line nf 
the telescope. The magnet may then be replaced for observa- 
tion, the scale being always made horizontal and the divistnns 
erect. In replacing ttie magnet cnre should be taken that a turn 
or half-turn of torsion Is not introduced into the thread. When- 
ever time allows, the torsion should always be removed," 

To BKiNa A SwisoiNO Maonet to rkst. 

In all magnetic observations it is almost necessary to be 
able to bring a swinging magnet to rest quickly. Aft«r a | 
little practice this is easily done by the use of a small magnet 1 
held in the hand and suddenly moved to or from one end of I 
the swinging magnet 

If we hold the band magnet so that it repels the near end ofM 
the swinging magnet, It should be brought suddenly up to the I 
swinging magnet as the tatter is moving towards the observer, 1 
and just before it passes the zero point. The eflect will be to J 
first stop the swinging magnet and then givt: it an impulse ia I 
the opposite direction to that in wbieli it was moving; but by J 
removing the hand magnet tbe instant that the swinging inag'> I 
net has stopped, the observer will, after a little practice, be enabled J 
to stop a magnet almost dead at the zero point. It is not ueces- 
Ktiry to carry a special magnet for the purpose, as tbe steel lever '| 
or screw-driver belonging to the instrument, if mngnetlzod, J 
answers very well. 

Bakhow's Chicle — IscunatiOiV and Total Fouce. 

Obsehvatioss of the Inclikatfox with Bauiiow's Cihcle. 
Plate XIV. 

Barrow'i Circle. — .\s arranged for determining the Inclinatioii,^ 
this instrumentls shown in Plate XIV. The ontlinc of the con*! 
Btrnction is as follows : — 

The whole upper part of the instrument turns on a vertical pivofel 
over the circle E. 

The needle C moves in a vertical jilunc on a horizontal axis. 

An Inch or two behind it is a sheet of ground glass, B, and two 1 
or three Inches in front of it is tbe circle Q, on which turns anl 
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»mrooTed by a tangent screw, P, and carrying mioroEco|>es, PD, 
imd Temiers, H H. The oliject of tiaviog the arm bo far iu front 
'^'^thc needle is to prevent the latter being affected by e[ie<!ks of 
"»n nrhich may Ite prceeut as impurities in the brass. 

To obseire the position of the needle the mieroseope jirm is 

fura^ tiDtil thi: ends of the needle are seen in the mi<>riiscoi>09. 

^ tie arm lieiiig tlien clamped is adjusted by P, the tangent screw, 

"mil one end of the needle is exactly in the ci-ritn.^ of Ihe field 

'*' one of the microscopes. The verniers are then read, and a 

^•oiilar observation mode of the other end. 'flie lenses out«idu 

** microscopes are for reading the verniers. 

**« set the plane of the circle in the magnetic meridian we 

'^st remember that when this plane is at right angles to the 

■ ^Snetic meridian the whole of the horizontsil component nets 

I>re«sing the pivots of the needle against their supgiorts, and 

**'>' the vertical component tends to turn it on its pivots. 

I'he ncMlle will therefore stand vertical when the plane of the 
'•"(^lo is at right angles to the mngiiclic mcridiun. Tile miero- 
T^'^pe arm being placed vertically, one of the virniers, say the 
^*^ttom one, is adjusted to 90", and the circle turned round on its 
^^ftical pivot till the end of the needle is seen in llic centre of 
^"e field. The horizontal circle is then rend. 

The top vernier of the microscope arm is now adjusted to GU",* 
L»nd the horizontal circle again adjusted till the top of the needle 
> Been in the microscope. The horizontal circle having been 
[lend, the needle is reversed in ite bearings^ that \ft, the end of 
J the pivot, which formerly pointed to the front of the circle, now 
L Jiointa away from it, and both observations are repeated. 

The mean of the four readings of the horizontal eirde is the 
Ipoeition of the vernier when the plane of the vertical circle w o^ 
■Ji'^ii^ augle» fo ihf muffnefic meridian. On the cir-Io being 
(tnmed round on its vertical pivot and set so that tlie reading of 
the vernier on the horizontal circle differs by 2if from its former 
value, the plane of the cin-le comes into the magnetic 
Ineridian. 

The pivot of the needle, when in nse, simply rolls on plates of 
^gate. To ensure its being iu the centre it can be lifted olf the 
■Jf^ate by two metal Ys \vorked up and down by means of the 

• If the instrument were perfrtt, boti] vcmiern would rt-ud 90^ at once. bi,t 
& practice there i» slvra.ya n ilitTurenuf uf 1' or 3*. 



i82 Magnetism. 

side bandle Q, When lifted in these the pivot falls to the centre, 
and when tliey are lowered it is deposited lu the right position 
on the agates. If it turns it rolls out of this position; hut, after 
hcing raised and lowered a few times, it falls into the right 
position while in the right direction. 

The handle Q having been sufEciently worted, the microscope 
ann is adjusted so that the two ends of the needle are respectively 
observed, and the corresponding circle readings noted by the 
verniers. 

The process is now repeated; if the north end of the needle 
was read first in the previous observation, the south end is read 
first now, and vice vend. 

This gives us four readings, 

The vertical circle is now turned on its pivot through ISO", as 
indicated on the horizontal circle, so that if the front of the circle 
was formci'ly towards the east, it is now towards the west. 

Four simiJur readings are taken. 

The magnet ia now htted from its bearings and reversed, so 
that the end of the pivot, which formerly pointed to the front of 
tlie circle, points away from it. 

The whole eight readings before described are then r6»-J 
peated. H 

Tlie magnet is then taken out and put into the wooden bioc^V 
K and secured by means of the brass catch L, and its magnetic 
l>olarity is reversed by drawing two bur magnets over it from 
the centre outwards.* 

The use of this process is to eliminate any inequality in tbel 
balance of the needle or its pivot. 

The reader should remember that the intensity of the i 
netization does not affect the process of determining the dip, aiH 
a slight diU'erence between the direction of the magnetic axi 
and the line joining llie points of the needle is eliminated bj^ 
reversing the pivot on its bearings-t 

The whole 8i\teen observations are now repealud with the r 
magnetized needle. 

The mean of the thirty-two readings is the direction of the dip. 

Before commencing to observe, the instrument must be occu* 

rately levelled by means of the spirit level R and the screw feet A, 

• S«e Eg. 46, p. 147. 
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II in tlie micro- 



so that when the vernJei-g read zer< 
scopes would be exactly horizontul. 

Il is usual to take two sach eets of 32 readings, and tuko the 
mean ; but if the results of tlie two sets differ by more than 
3' or 4', another must be taken. 



OflSEnVATioss OF Total Force with B\i 
Plate XV. 
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Plate XV. shows the inatniment arranged for observations 
of total force. The method used is due to Dr. Lloyd. 

" For " this purpose the instrument is furnished with two addi' 
lional needles, which may be called, for distinction, Nos. 3 and 4, 
the poles of which are at ho lime io he reverted or dislitrbed ; Nos. 
1 and £ being needles used for observing the incliuation in 
the way just described. No. 3 is an ordinary dipping needle; 
No. 4 is a similar needle loaded with a small fised and constant 
weight, acting in opposition to magnetism. The frame, carrying 
the mieroscopea of the circle, is also fitt«d to receive and to 
retain No. 4 securely in a, constant position, when it is Dsed as 
a deflector of No, 3. 

" The observations consist of two processes ; by the one process 
the "position of equilibrium" f is observed of No. 3 between the 
action of the earth's magnetism, and that of No. 4 used as a. 
deflector, having its North pole directed alternately towards the 
magnetic North and South ; and by the other process the position 
of equilibrium of No. 4 is observed between the action of the 
earth's magnetism and that of the small constant weight with 
which it is loaded-" 

The first process gives us the relation between the earth's total 
force and the magnetic moment of magnet No. 4. 

The second process gives us the relation between thatmagnetic 
ntoment and the moment of a known weight placed at a known 
distance from the axis. 

The product of these two ratios is the ratio of the earth's force 
to tbe known moment of the weight; that is, it gives us the 
brce in absolute measure. 

[' # Admiralty Inntnictions Tor Miignetic Surveys, p. 27. 
I'tThe "poaitioD of equilibi-ium " is the poBiliuii of tbe oeeille when it is 
Ictly at riglit anglva to tlie mioroacope arm D D and deflecting magnet. 
b liiia poaition tbo iiiids of tbe needle lire aeeu in ihe iuLltobcopm. 



1 84 Magtietism. 

Til us— 



II known quantity. 



Mug. uium. ol I«o. 1 



Ratio of "'"g-' 



inouiuiit of tiioivii wi-ight 
a known quantity. 

M«ltii>lying and cancelling, we liuve 

Ratio E^rth-- wig ^ A li, s knowD quantity, 
mom. or weight. 

Observatioks at SEi,— Thk Fox Chicle, — Plate XVI. 

None of tlie instrumentB bitlierto described are suitable for 
use at sea. The motion of a eliip would make them perfectly 
useless. As the greater part of the magnetic eurveya are made 
at eea, it is necessary to have an appamtus which can be need 
on board ship. Such an apparatus is the infitniment inventetl 
by the late Mr. R. W. Fox, which, while sacrificing only a little 
accuracy, can be used under almost any circumstances. 

"The* instrument consists of two graduated circular rims, 
Plate XVI., whose planes are vertical and ]jerpendicti[ar to the 
line joining their centres. The graduations in each are to Vh', tlie 
zero points being in the horizontal diameter.f The aperture of 
the inner rim F is less than that of the outer one E, so that the 
divisions of each can l;e seen simultaneously by an observer in 
front, and should exactly correspond. 

'* The needle B swings between these two rims, but much nearer 
to the inner than the outer one. Its axis, which should be in 
the line joining the centres of the two graduations, is t€rmi- 
nat*d by very short cylindrical pivots, which work in jewellvd 
holes. This axis carries a small grooved wheel H, round which 
passes a thread of unspun silk, furnished with hooks G G, for 
hanging weights on in taking intensity observations. The whole 
is enclosed in a brass cylindrical box. This box stands on an 
azimuth base, in which turns a vernier plate, as in a common 
theodolite. 

• Wnlkcr, Ttrre»tTia\ and Coimical Magnelitm. p. 218. 
t By on error in Plate XVI. the ieroe are iiliown displnccd. They should 
he in a horixoutal lino, and tlie 00°r, in a vertical lioe. 
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■• The azimuth plate is fixed to another called the fotimlalion 
^Ialt^ which stands on foot-scren's. Socnetimea the instrument 
"s made so that it can be screwed on to a stand like that of a 
*«eo<lolite. In the box is placed a thermometer for noting the 
'*a>perature at the lime of an observation. 
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" Method of vsixc tue Instiujjiekt, 

" The object of having two series of coincident graduations, 
'^Oe on each side of the plane in which the needle swings is two- 
fold. Id the first place they prevent any error of parallax in 
reading off, as the eye is brought into the line joining the cor- 
i^ponding divisions; and in the second place, the divieionB of 
the outer circle serve as a vernier.* 

" The instrument may be used for determining dip or i»- 

To prevent the needle "sticking," the end of its bearing is 

itly rubbed by means of the rubber C (Plate XVI.), which 

iDsista of a flat piece of born with a number of saw cuts 



; to roughen the surface. 



^Edi 



The plane of the magnetic meridian having been determined, 

face of the instrument is made to coincide with it, and both 

ids of the needle read. The box is then turned through lbO° 



For if thx outer circle be n times Turtber frum thp plmic of tlia aeedlv's 
motion than the inner one, tlien the line or sight whi>:h puuei thruugli the 
(mint of tlie needle must move oter k divisions of Ibe former to make tLa 
needle appear to move over one division of the latter. 

"Thus aupposu iho graduiitions of the two cirules tobe to;i, tli<.'n each 
diriiioo on the oofer riin will ooneFpocd to \£\ on Ibe inner rim, Tlie 

method, thertrure, is ia rend off the ni^iirest diviMon lo the end of Ihe needle, 
and then to carry the eje alons the outer rim till this division is in the same 
straight line with the eye nnd the point of the needle. IE n be the number 
of divisions passed over on the outer rim — ^ is the number of minutM to be 
added to the previoo* reading. 

t W«lkcr. Terrtttrial and Coimlcal ^agneliim. p. 220. 
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in azimuth, and the observations repeated. The mean of the 
nhole will indiuato the dip approxiraatdy. 

" This approximuto value is corrected thus: — 

"There is a small magnet (called the deflector) K iuclosed m 
ii brass tube fitted with a serew. This tube is now screwed on to 
tlie back of the instrument, so as to repel the end of the needle 
nearest it, and adjusted at a given angle from the observed dip. 

" When the needle has come to rest both ends are read. The 
deflector is then translerred to an equal distance on the other 
Bide of the dip, and the two ends of the needle read aa before. 
This operatiiiu is repeated with the face of the instrument turned 
through 18U°. The mean of the four readings is the corrected 
value of the dip. 

"Most instruments of this construction are fitted with two 
deflettors, one to repel the north and the other the south end of 
the needle, Mr. Fox, however, appears to prefer the use of only 
one deliector, as more cooai^itent results are usually obtained with 
Hmall than with large angles. Sometimes, as was the case with 
the instrument on board the Erebus, in the Antarctic Expedition of 
1839-43, it is necessary to use both deflectore at once, in conee- 
queuce of the weakness of the deflecting force wlicn Ibey are used 
si'parately. 

" Lttembitt. 

" The deflector or deflectors being removed, the silk thread is 
placed over the grooved wheel, and a given weight suspended 
from one of the honks, and when the needle has come to Kst 
euch end ia ivad. The weight is removed and suspended from the 
other end of the string, and both ends of the needle read as 
liefore. Half the ditferenc« between the two readings will be the 
deflection." • 

This gives us the ratio of the known moment of the weight to 
the product of the earth's force into the moment of the magnet. 

To determine the moment of the magnet it must be dismount«4l, 
put into the brass box K, and used as a deflector, while another 
needle without weights is substituted tor it in the centres. 

This gives the ratio of the magnetic moment of the first maguet 
to the earth's Ibrce. 

As we now know both the ratio and product of the earth's force 
• Wnlker. Terreilrial and Cotmical MagnttUm. p. 221. 
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ai^d the moment of the first mag^et^ the former quantity can be 
^^'^'^rmined bj a similar calculation to that given for the deflec- 
tiou observations with the nnifilar (p. 167). 

1?his last method of observation is an adaptation of Dr. Lloyd's 
n^^tiod (described p. 183). made by Mr. Welsh, of Kew Obser- 
^^tiorv* 

*^'Thet correction for teuiperatuie is obtained by placing the 
^'^^trnment under a glass receiver, and admitting heated air under 
^^^ The needle being deflected at a given angle from the dip by 
f j^ven weight, the change in this angle, corresponding to an 
^*^orease of temperature, must be noted. The actual change will 
^^pend on the magnetism of the needle ; but the ratio appears 
^-^^ be very nearly uniform within the limits of the range of 
^■^xnperature in this climate." 

The following is the testimony of Captain Ross to the merits 
^f Mr. Fox's instrument : — 

" Bv means of the admirable contrivance of Mr. R. W. Fox 
Vreare able, in tolerably moderate weather, to determine the three 
Magnetic elements with even more precision on board our ships 
than they are susceptible of on shore, on account of the unknown 
and indeterminable amount of local attraction ; and even in the 
heaviest gales, after a little practice with his instrument, they 
may be observed with sufficient exactness to afford very useful 
and important information. Throughout the whole distance of 
between three and four thousand miles from Kerguelen Island to 
Van Diemen's Land, we could not have derived a single satisfac- 
tory result with the instruments in common use ; and this i>or- 
tion of the ocean, at least, must for the present have remained a 
blank upon our charts. But with Mr. Fox's apparatus, the dip 
and intensity observations were accomplished in an almost unin- 
terrupted series of daily experiments.*' — Ross's Antarctic Vof/age^ 
vol. i. chap. V. 

" The principal cause of this superiority of Fox's instrument 
in taking observations at sea is its stability, arising from the 
mode in which the needle is hung. As we have seen, the axis 
terminates in very short cylindrical pivots, which work in jewelled 
boles. By this construction any displacement of the needle in 
consequence of the rolling or pitching of the vessel is prevented ; 

* Instmctions for Magnetic Sanrers, p. 31. 
t Walker, Ibid., p. 225. 
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whilst the loss of Beneibility, which undoubtedly results from this 
mode of suspension, is a positive gain under ench circumstanceB, 
Another advantiige offered by the insti-ument is the substitution 
of the statical for the vibration method in observations on the 
intensity. With the delicate suspension required in vibration 
esperimentsj such an observation, except in very rare ( 
stances, would be hopelcEsly impossible." 



CHAPTER XV. 

SSLF-££CORDINO IXSTRUHEin:S. 

Plates XVII. and XVIII. 

Fob the study of the daily and hourly changes of the magnetic 
elements^ self-recoi*ding instrunnents are necessary. 

The principle of these instruments is, generally speaking, as 
follows : — 

A mirror is attache<l to the moving magnet, and a spot of light 
from a lamp thrown by it on a piece of sensitized photographic 
paper moved continuously by clock-work. 

If the magnet remains at rest, a straight line is traced ; if it 
moves, a zigzag line. 

Three elements are observed, viz. : — 
Declination. 
Horizontal fbrce. 
Vertical force. 

From the ratio of the last two of these the inclination can be 
calculated, so it is not observed separately. 

Declination. 
Plates XVII. and XVIII. {i\g. 1 in each). 

The portion of the apparatus which records the declination 
consists of a suspended magnet with a mirror attached ; the 
magnet being hung by a single fibre as in the Unifilar magneto- 
meter. It stands on a massive stone pier. Light from a gas-lamp 
passes in through a slit and collimating lens, falls upon the mirror, 
and is there reflected inside a wooden tube into the box, fifir. 4, 
Plate XVII., which contains the barrels and clock-work shown in 
fig. 4, Plate XVIII. The light falls on one of the horizontal 
barrels. Round this barrel is fastened a sheet of sensitized paper. 

If the barrel were at rest and the magnet moved, a black line 
14 



would be traced oq the barrel parallel to its axis and ofa Icngtb 
corresponding to the extreme motions of tlie magnet. If the 
magnet remaiDed lit rest and the barrel revolved, a line would br 
drawnroundthebarrel, which, when the paper was unrolled, would 
be a straight line perpendicular to its axis. When however thii^ 
elock moves the barrel steadily round, and the magnet osoitla^ 
the same time, an Irregular curved or zigzag line is traced n 
barrel, the distance ol' any part of which from the base fide s 
the direction of the magnetic meridian at the correspondiag fl 

The base line is drawn by a spot of light reflected from k 
mirror whose direction with regard to the astronomical | 
ie known. 

The mirrors are made in two halves of a disc, the e 
fixed to the base, the upper one to the suspended n 

A screen moved hy the clock cuta off the light from t 
mirror for a minute or two, commencing at the beginiuiU 
every other hour. This gives a time scale, so that evetl ifl 
dock does not go correctly, different diagrams can be o 
as long as the rate is known. 

HOBIZONTAL FOItCE. 

Plates XVII. and XVIII. (fig. 2 in each). ( 
This is registered by means of a, bifilar suspension, • 
The two ends of a fine steel wire are attached to a hotisonS 
Bcrew whose direction is at right angles to the magnetic meridian. 
The magnet is suspended by a pnliey round which the wire 
passes. Thus the magnet is practically suspended by two wires 
always equally tight. 

The magnetic force tends to turn the magnet round. If it 
turns it has to commence to twist the wires and raise itaeU^ 
A fraction of the weight of the magnet then acts ai^niii&t the 
magnetic moment multiplied by the horizontal force; oe tbe 
latter increases, the magnet turns further, till, by its change of 
position, a gi-euter proportion of its weight acts in balancing U)« 
magnetic force. The position of the magnet then indicates the 
strength of the horizontal foi-cc* 

Tho value of the horizontal force indiciited by a given position 

is detcimincd by vibration experiments, the i-csults of which an 

compared with the mean position of the bifilar magnet i 

• The wholfl doiloction being very *m;ill 
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^ time whith the vibration experiments lust. The motions 
•re regisUred on the other horizontal drum io precisely tbe same 
manner as those of the declinutioD magnet. 

For amall variations of horizontal force the distances from the 
curve to the base line may he considered to be proportional to 
Ike force. The magnet can be raised and lowered for adjustment 
by turning the BCrew* 

Vertical Force, 
Plates XVII. and XVIII. (fig. 3 in each). 

A steel har is mounted on a pivot provided with agate knife 
edges, and ateurately hoianced on agate planes. It is then 
magnetized and the marked end dips. It is brought hack 
to a nearly horizontal position by a brass weight fixed near the 
uDmarked end, aud so adjusted that the centre of gravity of the 
whole system is a little below the point of the support. The 
effect of this is that the more the magnet is displaced from 
the horizontfll position the greater is the moment of the weight 
tending to bring it hack. 

Thus, if the vertical magnetic force decreases, the magnet moves 
60 as to become more nearly horizontal ; if it increases, the 
magnet turns in the other direction. Its position at any time 
is ii measure of the intensity of the vertical force. 

Its motions are registered on a drum in the same manner 
as the declination and horizontal force, the only ditference being 
that as in this case the oscillations of the spot of tight are in a 
vertical line, so the drum must turn on a vertical instead of a 
horizontal axis. 

Dktails. 

To avoid disturbance by currents of air all three magnets work 
ID vacuo. The brass hoses being ground flat, glass receivers with 
ground edges are placed over them, and the air is pumped out 
by an ordinary air pump. 

Each magnet is furnished with a telescope and scale, so that 
its position can be at any time observed by the eye. 

* la lome instmmeiila, but not in those in use at Kevr, it is arranged that 
an the screw tuma it moves longitadinally through its beartngv, but the wire 
or thread, u it winds in th« mt&v thread, moves in the oppoaitit direction at 
1^ mas rate, so thnt tbe magiit^t vnlj moves Terticnlly. The nso of a 
Mnw ke«p> tbe threads alvra3-s the same dintHnce npart, and jirsTvalfi the 
thnad winding on itaeif an it n-onld on a pUin bar. 
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Tlie mensured values of the curves have to be correctetl for 
temperatui-e. Therefore the variations of temperature are con- 
tinuously reconliKl by fixing a thermometer in a slit lu a screen, 
on one Bide of which is a light and on the other a drum covered 
with sensitive paper. Light passes through the upper part of 
th(! tube but is Btopj)cd by the mercury column, A curve show- 
ing: the vnriutions of the height of the column ia thas tmocd, the 
whole of the paper on one side of it being white and on the other 
blach." 

For economy two days' tracings of each of the magnetic ele- 
ments ava commonly taken on the same paper, the gos-bamere 
being displaced slightly to one side at the end of the lirst day. 

Pinte XIX. shows the variations of the horizontal force on 
two consecutive days; the first day being one of ordinary 
change, the second being characterized by the occurrence of a 
violent magnetic storm. It is an exact reduced fac-simile of 
one of the photographic records. On two days of ordinary change 
the curves would not cross each other. 

The original tracing is black on a white ground. In Itt63f 
when it was taken, the arrangement for cutting off the light 
every two hours had not been introduced. 

* In meteorological oliKFrvaturiea, a «i[iiilBr metboil 'm also used tot ngi^ 
tering tlie rariiitioni of Uie baioaieter. 
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obsbryations on terrestrial maqnetism. 
Secular Changes. 
The Declination. 

The following table shows the changes which have taken place 
in the declination since the year 1580 : — 





Declination in 




DeolioAtioD in 


Year. 


London. 


Tear. 


Jjondon. 


1580 


11" 17' E. 


1800 


21° 36' W. 


1622 


6°12' „ 


1806 


24° 8' „ 


1634 


4° 5' „ 


1815 


24° 2r „ 


1657 


(c (y „ 


1820 


24° ir „ 


1666 


0° 34' W. 


1831 


24° O' ., 


1672 


2° 30' „ 




At Kew. 


1700 


9^40' „ 


1858 


21° 54' W. 


1720 


13^ (/ „ 


1863 


21° 13' „ 


1740 


16° lO' „ 


1868 


20° 33' „ 


1760 


19° 30' „ 


1873 


19° 58' ,. 


1774 


22°20' „ 


1878 


19° 14' „ 


1790 


23° 39^ „ 


1879 


19° 7' „ 



We see that the declination was easterly in London from 1580 
to 1657. In 1657 it vanished^ and the magnetic meridian coin- 
cided with the astronomical. 

The needle then began to move to the west of north, and the 
westerly declination continued to increase till about 1815. 

The needle then turned back, and has ever since been returning 
towards the astronomical meridian. 

The Inclination. 

The following table shows the changes which have been ob- 
served in the inclination since its discovery in 1576 : — 
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iDOllMUnntn 




IntliMHonin 




Londoiw 






1676 


ri'-Bo' 


1839 


fi9= 17' 


ItkiO 


72° ff 


1S54 


68° 31' 


1676 
1723 


73° sff ; 

7-1- i;S 1 








AtK™. 




72° 8' 






1790 


71° 33' 


18(1.1 


eff-iy 


ISOO 


70^35' 


lidS 


t'.8° 2' 


1818 


7(PS* 


1873 


67= 63' 




7'J° 3- 


1678 


|}7o 43' 


1B2S 


«9°47' 


187B 


6r*42' 



We see that from the time of its discovery to about 1723 the 
inclination at London increased. From that date to the present 
time it has decreased. 

Force. 

There is also a secular change in the horizontal and totel 
force. 

The Horizontal Force increases from year to year at a sensibly 
uniform rat«. Its mean value at Greenwich was 

■1716 in the jeor 1848. 

•177C „ „ „ 1807, 

(at Sow) -1787 „ „ „ 197a. 

The yearly increase ia about '00124 of the whole force. 
The Total Force decreases from year to year. lt« mean v.-due 
at Greenwich was 

■4791 in IttlS. 

-4740 in 1866, 

(it Kew) -4736 in 1879. 

PEUIOniC CUANOKS. 

Magnelie Olservadona under He Direction of Major-Oeneral 
Sabinb, lale P.R.S. 

General Sabine's work on Terrestrial Magnetism is containi 
in a series of papei-s, in nearly every number of the " PhilJ 
Bophical Transact ionsj" from 1840 to the present time. 

A great portion of his communications is taken up witlJ 
Magnetic Survey of the Globe, chiefly for the use of marina 
As however no general theory of the distribution of terresy 
magnetism can yet be eaid to be established, wc will confine J 
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tntion to bis observations and concliisiong with regard to tlie 
'variations of the several elements ; and first we will say a few 
woitls on the methods used for separating disturbances of dif- 
ferent periods. 

Suppose we have observations of the elements for every hour 
for a long period, and suppose we want to know the change from 
day to day, we take means of all the hourly ohDervutions on each 
day, and the difference between the means of consecutive days 
will give the daily change. 

If, however, we wish to find the mean hourly change, we take 
the mmn» of the ohsemaiiona made at the lame hour on different 
doyn. This gives us the hourly change and eliminates tie daily 
ekaiiffe. 

General Sabine's first general conclusion with regard to the 
secular change was, that there is a decennial period* in the 
larger disturbances of declination. 

At Toronto and Hobarton the years 1843 and 1848 wcni 
periods of minimum and maximum disturbance respectively. 

This decennial period " does not appear to connect itself with 
any of those divisions of time with which we are conversant, as 
depending on the relative circumstances of the sun, the earth, 
and her satellite." 

Hofnith Schwabe has, however, made the remarkable discovery 
that the decennial period absolutely agrees, not only in its length 
but in the positions of its maxima and minima, with a, period 
which be has discovered in the frequency and magnitude of solar 
spots. 

Monthly means, taken in different years, have shown that there 
is an annual period of the disturbances corresponding to the 
apparent path of the sun in the ecliptic. 

In southern stations the declination is easterly from May to 
September, and westerly in the remaining months of the year. 
In northern stations the reverse is the case. 

The totul force attains in Dublin a maximum in June and a 
minimum in February. In the southern hemisphere (Hobartou) 
the reverse is observed. 

The Inclination, 

At Kew the inclination is below tlie mean in May, June, July, 

• Fkilonophical TraHiaelioni, 1856, p. 301. 
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August, and above it in the remaining months of the year. At 
Ilitbarton the south indination is below the mean from June to 
October inclusive, and above it for the rest of the yea 

DiCRSAi. Inequality, 

Hourly observations have shown that there is another period, 
coincident with the period of rotation of the earth on her axis. 

Dr. Lloj-d, speaking of the diurnal inequality in Dublin, says 
that its general features ore as follows : — 

" I. The easterly force dirainishea from 7 a.m. or 8 a.m., and 
the north pole of the magnet moves fceitward until about 1 p.m., 
when the easterly force is a mlmmum. 

"II. After 1 p.m. the easterly force incrcBBes and the 
pole of the magnet returns eadward. This easterly movemt 
continues until about lU p.m., when the easterly force attains 
greatest value. 

"III. There is a second but much smaller oscillation durii 
the night and early morning, the easterly force diminishing ai 
the north pole moving slowly westward, for a few hours before 
and after midnight; after which it returns to the east iinlil 
7 a.m., when the easterly force is again a raaximum. 

"IV. In summer the westerly movement durlug the nigl 
disappears, the afteruoon easterly movement continuing throu) 
out the night, hut at a slower rate. In winter, on the other 
hand, the morning easterly movement vanishes, and the magnet 
is almost in state of repose from 2 a.m. to 8 a.m. 

" V. From the facts last mentioned it follows, that the greatest 
range in summer is that of the westerly movement from 7 a.m. 
to I p.m. ; while in winter the greatest range is that of the 
easterly movement between 1 p.m. and lU p.m." 

Lunar Didbnal iKEQtiiLiTY. 

A period has also been discovered corresponding to tlie Inu 
day. 

Of it General Sabine says:f "The variation in each of ( 
three elements constitutes a double progression in each lun 
day; the declination bas two easterly and two westerly mai 
in the interval between two successive passages of the moon o 

• Iiloyd'a Treatiaa on Magnefiim, 

t Philoiophical Traniactiont, 18S6, p. 6US. 
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the astronomical meridian ; and the inolina<ion and llm total force 
havB each two maxima and two mioima due to the mnon's action 
in the same interval, the variation passin<> in everj' case four 
times through zero in the lunar day. The easterly maxima of 
the horizontal deflection of the north -pointing end ol' the mn^et 
synchronise with the moon's superior and inferior passages of the 
meiidian; the westerly maxima with the lunar hours of 6 and IS. 
The maxima of the increased rongnetic force due to the moon's 
action occur ahout the lunar hours of 3 and IR, and the minima 
abont 9 and 20." 

TliDS we see that the changes in the magnetic elements depend 
principally on the ivlative positions of the sun and moon nith 
respect to the earth. ^Vhether the greater part of the eSect is due 
to direct magnetic action, or indirectly to the heating and cool- 
ing of the crust of the earth, we are not in a position to decide with 
absolute certainty. 

Ekkect of Sdnspots. 
Id 1S59 a magnetic storm of unprecedented magnitude con- 
tltinaed from August 28th to September 7lh. Professor Balfour 
T Stewart" has pointed out that this was synchronous with the 
I period of maximum activity of one of the lurgrat sun-spots erer 
I obserred. 

Tub AruoEA, 
t is found that the appearance of certain kinds of anrors 
coincides with certain jieriods oC disturbance, but the observa- 
tions at Point Barrow in lS52-3-4,t which are the best we yet 
have, cannot be said to have established any deliiiite law of 
connection. 
I Bnocs'a Obsebvations. 

' On December 15, 1875, Mr. J. A, Broun, F.B.S., communi- 
cated to the Koyal Society J a paper " On the Variations of the 
Daily Mean Horizontal Force of the Earth's Magnetism pro- 
duced by the Sun's Rotation and the Moon's Synodical and 
I Tropical Revolutions," of which the following is an abstract : — 
"The variations of dailv mean horizontal force in the vcars 



• PAilorofiieal Traiitaelioii 

t Ibid., 1867. p. 4tf7. 

J Proc. E«y. Soc„ ixif., 1875- 
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1841 and 1S45 showed several well-raarkcd oscillations, liavin 
periods of frooi 20 to 30 days, and amplitudL-s, in eome ca^es, c 
more than one thousandth of the whole magnetic force. 
oscillations were first attributed to lunar action ; afterwards tht 
were found more probably due to the sun's rotation on Ills axis^ 
The disappearance of these oscillations in the middle of well- 
marlied series, their different amplitudes and periods, could not 
be explained except by the supposition that the solar action 
not continuous, but only by fits periodic. 

"The author was induced to believe lately that these differe 
in the oscillations were due to conjoint actions of the sun 
moon ; he accordingly deduced the mean variations cori'e.-<pondin^ 
to three periods of 26, 2flf), and 27'3 days, the times of rotation 
of the sun derived from the magnetic observations, and of the 
moon's synodical and tropical revolutions respectively. He finds 
that the combinations of tbese three series of variations represent 
with considerable accuracy all the variations of the daily ine»o 
horizontal force of the earth's magnetism during each year; 
that the sun's rotation and the different positions of the n: 
relatively to the Bun and the pliine of the equator (or of 
ecliptic) are found to produce all the differences in the amplitude 
and time, as well as the apparent disappearance of the oscillation. 

" Cases of considerable and sudden diminution of the paith'a. 
magnetic force which happened in the years 181:4 and 1S45 
nest examined ; and it is shown that these changes oceu; 
intervals of 26 days, or multiples of 26 days; in one instj 
there are five successive recurrences at the exact interval of 
days. 

" As this period is that of the sun's rotation Telalivelg to 
earth, it appears to follow that the earth bos some action on 
sun, or (more probably) on some ray-Iiko emanation from 
sun, which causes these changes in the eartb's magnetism. 

" It is found also that these sudden variations occur mi 
frequently when the moon is ut a considerable distance from 
equator and the ecliptic; it would thus appear that our satel] 
has also an action on tbc cause of the great terrestrial magnel 
disturbances." 
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CHAPTER XVII. 

EARTH CUREENTS. 

Magnetic observations are complicated by the existence of 
certain currents of electricity which move in the earth.* 

Mr. C. V. Walker, F.R.S., superintendent of the South Eastern 
Railway telegraph lines, has made a series of investigations on 
these currents, and has communicated the result to the Royal 
Society, in 1861 and 1862.t 

He thus summarizes his results : — 

"The results arrived at in these two communications mav be 
briefly summed up as follows: 

" 1st. That currents of electricity are at all times moving in 
definite directions in the earth. 

" 2nd. That their direction is not determined by local causes. 

''8rd. That there is no apparent difference, except in degree 
between the currents collected in times of great magnetic dis- 
turbance, and those collected during the ordinary calm periods. 

'* 4th. That the prevailing directions of earth currents or the 
currents of most freqhent occurrence are approximately N.E. and 
S.W. respectively.J 

"5th. That there is no marked difference in frequency, duration, 
or value between the N.E. and S.W. currents. 

" 6th. That (at least during calm periods) there are definite 
currents of less frequency from some place in the S.E. and N. W. 
quadrants respectively. 

" 7th. That the direction of the current in one part of a plane 
on the earth's surface (at least as far as the S.E. district of Eng- 
land is concerned) coincides with the direction iu another part of 

• See Chapter XIX., ** Action of Ourrente on Magnet*." 

t Proc Roy. Soc., xi., 1860-62, p. 681. 

X These would tend to set the magnets S.E. and N.W. respei'tively. 
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Ihe plane ; and if the direction changes in one part, it changes in 
all parts of tlie plane. 

"Sth. That the relation in value between currents ia a given 
part of the plane and currents in another given part is not con- 
stant, but is influenced by local meteorological conditionsj and 
varies from time to time. 

" 9th. That the value of a current of a given length moving in 
a given line uf direction is not necessarily the same as that of a 
current of the same length on the bamc line of direction produced, 
and that their relative value depends on the physical character of 
the earth interposed between the respective points of observation, 
and is tolerably constant. 

" loth. That the currents which have formed the buses of these 
investigations are derived currents from true and proper earth 
currents and neither in whole nor in any appreciable part have 
been collected from the atmosphere, nor are due either in whole 
or in any appreciable part to polarization imparted to earth- 
plates by the previous passage of earth currents or of powerful 
telegraphic currents; nor are they due to any electromotive foive 
in the earth-plates themsolvea. 

"11th. TliMt the .'^irtli ciirrenly in qiU'slion (;it li'^s^t tiic- power- 
ful currents present at all times of great magnetic disturbance) 
esercise a direct action upon magnetometers, just as artificial 
currents confined to a wire esercise a direct action upon a 
magnet. 



PART m. 

ELECTRO-KINETIOS. 



A PHYSICAL TREATISE 



ON 



ELECTEICITY AND MAGNETISM. 



^art m. 

VOLTAIC ELECTRICITY AND 
ELECTRO-MAGNETISM, OR '^ELECTRO-KINETICS." 



CHAPTER XVIII. 

THE VOLTAIC BATTERY. 

We have said that if an insulated conductor be charged in any 
way whatever, in a very short time all parts of it will be found 
to be at the same potential. Suppose we take two con- 
ductors and charge them so that their potentials are diOTerent. 
If we now connect them by a wire, we shall find that after a 
very small fraction of a second the potential of the one will have 
diminished, and that of the other increased till they are at the 
same potential. 

The one whose potential has diminished has lost a certain 
quantity of electricity, while that whose potential has increased 
has gained a certain quantity. Now, as no electricity has 
entered or left the system, the gain of electricity by the one 
must be equal to the loss by the other, and we are therefore 
justified in saying that electricity has travelled from one to the 
other along the wire. 

This flow of electricity along the wire is called an '^ electric 
current," and takes place whenever a wire or other conductor is 
used to connect two conductors whose potentials are different. 



204 



Electro-Kinetics. 



When any two insulated charged bodies are connected, tbe flow 
which goes on until the potentials are equal, lasts bat a very 
short time, as the potentials approach equality with great rapidity. 
Ifj however, instead of insulating the chargyd bodies, we con- 
nect tliem with a machine which, by tbe expenditure nf work, 
will keep their potentials constantly different, the electric current 
will continue to flow along tbe connecting wire as loug as the 
machine is in action. 

The voltaic battery is such a machine. One view of the prin- 
ciple on which it is founded is this ; — 

If two metals be placed, near together hut not in contact, in a 
liquid which acts cbemicnlly more upon one than upon the Other, 
the metals become charged so that the one least acted on is nf 
higher jiotentiul than tbe one most acted on. The diSerenee of 
potential produced depends only on the nature of the metals and 
of the liquid, and not on tbe size or position of the plates. 

As soon ns the difference of potential has reached its constant 
value, the chemical action ceases. 

If now the metals are connected by a wire outride the liqttii], 
the difference of potential begins to dlniiuish, and an electric 
current flows through the wire. As soon as the difierencv of 
potential becomes less than the maximum for the metals onii 
liquid, chemical action recommences and brings it up to the 
mftximum and thus, if no disturbing cause interferes, the carrent 
will continue till the metal most acted on is entirely dissolved. 

This view of what takes place explains the action very well. 
It is not yet certain whether this is tbe true explanation, or 
whether we should say : On joining two metals either directly 
or by a wire, a difference of potential is observed. When the 
metals, still joined, are partly immersed in a liquid, which acts 
more upon one than upon the other, the chemical action equalizes 
the potentials, and in doing so causes a flow of electiicity along 
the connecting wire. The moment the equalization of the po- 
tentials bus commenced, tbe difference is renewed again at the 
point or points of i-ontact between the metals; and so. if no 
disturbing cause interferes, a continuous How of electricity is 
kept up till the metal most acted on is entirely dissolved.* 

The latter view has, in my opinion, more evidence to support 
it than tbe former. It will be more fully diseui-sed in Chapter 
XUII., Contact Electricity. 
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When two metnlB are arranged as above JeseriEied in a liqaid, 
sod are in metallic commiinicution, the one which, if atone 
would be most acted on, entirely protects the other, and the 
arrangement is called a voltaic circuit, or cell. 

In what rollon-s we will call that part of the metal letist acted 
on, which is not immersed in the liquid, the positive polo of the 
battery, and the corresponding part of the other the negative 
pole. If we bring the liquid in the battery to the potential of 
the earth, the plate at the higher potential will be positively 
charged, and that at the lower potential nfgiitively charged, and 
the above convention will agree with onr definitions in Part I. 

In nearly all pr8(.'tieal forms of the voltuio cell, the metal form- 
ing the negative {>oleis zinc; that forming the positive pole varies. 

The simplest form of voltaic cell consists of a plate of copper 
and a plate of zinc (Hg. 58] partially immersed m diluted* sul- 
phuric acid, which act« on the zinc, but 
not on the «)pper. With such an arrange- 
ment, however, the current only continues 
for a very short time, and then ceaees. 
Evidently some disturbing cause is acting. 
On examining the copper, it will be seen to 
be entirely coated with minute bubbles, 
which, if collected and u-sted, will be found 
to consist of pure hydrogen gas. 

If a piece of zinc alone be dissolved in 
dilute sulphuric acid, the wat^r is decom- 
posed, and the oxygen combines with the zi 
is set free.t 

When the decomposition occurs in a voltaic 
is liberated, not at the surfjce of the 
fopper. 

• Unl«s« Uie eontraiy it atated, it u to be unilrmliKid that " diluleil 
anlpbtlric acid " meuni b uiixtura uf 7 parts (by raraaure) of water with ud« 
part of acid (Uuml. >p. (cr. 1-945). In mixing, cnre tnuet be taken ta measure 
out tha water linit, and then to add tLe ai;id to it. Jt ia very dnngerolu tu 
add the water to the Hcid. 

t The avtiuii is expressed b; tlie fulluiring choniiL-al ^[uatiun : — 
H. SO. + Zn = Zn SO. + H., 
which eipresaes thai une atom of zina chunKPS places nttb two atoloa uf 
bjdn>g«n, wnvcrliii); llie sulphurio Acid into auliibatv of zinc. — Miller, 
" SUeinenta of Clieuiitrjr," vol. ii. p. 6U. 
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The effect of the copper being coated witli hydrogen is tbat a 
difTercnce of potential is no longer produced. 

Why the hydrogen should appear at the copper, and why it 
ehonlil stop the current, is not well understood. 

AjIAI.OAMATED ZiNC. 

We have as yet assumed that all the metals used are cheinicnilf 
pure. The ordinary zinc of commerce of which hnttery platai 
ore made ia however not pure, but contains many particles of. 
iron and other metals. If a piece of ordinary zinc be placed in 
acid, each of these pieces of Iron, together with the zinc near, 
it, forms nn independent small cell, whose circuit is always 
closed, whether the main current is closed or open. Tlie currents 
produced in these small circuits in no way help the main current,. 
while they cause the zinc to be rapidly consumed. 

The cost of chemically pure zinc prohibits its use, so a diSereafe 
plan is used, whirh, though probably first adopted as a mak»- 
shift, is fmind to be in every respect equally efficacious with thfr 
employment of pure zinc. 

It consists in coating the zinc with mercury. Tiiis is done bjri 
first immersing the zinc for a few minutes in dilute sulphuric « 
hydro-cliloric acid, so as to give it & chemically clean surfMl 
and then pouring mercury upon it. The mercury at once com 
bines with its surface, and the whole of the zinc appears brigU 
like silver. Zinc thus " amalgamated " is not attacked by dilul 
sulphuric acid, unless it forms part of a closed galvanic CirCDiti 
The precise action of the mercury is not huowu. It probabl] 
acts by coating the zinc and particles of iron alike with one ani 
the same metal. 

BlNDINQ SCHEWS. 

B ind in g- screw B are clamps for attaching connecting wire 
any instrument. They are made in many forms, but the t 
shown in figs. L9, 60 are the most general types. In fig. fiSj, 
the end of the wire is passed through the hole, and the c 
being turned, clamps it Tliis form is most convenient for a)} 
ordinary apparatus. In the form fig. 60, the wire is bent roand' 
and clamped. This is used for measuring apparsitus, as it givef 
rather a better contact. Tins form is often made with mom 
than one nut, so as to allow a second wire to be attached withoub 
disturbing the first. 



Bhidmg Screws — Smec's Cell. 
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CONSTAXT BATTEniEfl. 

To niulce a constant battery or cell, it is necessary to pro- 
vide some means of fi-eeiiig the positive or copper plate from 
»ivdrogen. 



^Pbo' 



Smbk's Ckll.- 



Smee'a cell, which is 
iwn JD section in li^. 61, tlic 
jilates consist of zinc and plati- 
kiised silver, i.e. silver with a 
^leposit of rougli platinum in 
j>owder on its Eurface. As tlijs 
presents a multitude of points, 
tbe hydrogen disengages itsLll 
xuore easily than from a smootii 
■jilate. As silver ia much more 
«spensive than zinc, the silviT 
plute is usually arranged be- 
tween two zinc ones, so as ti> 
Tise both sides of the silver, aiid 
80 get a greater surface. Al- 
though the difference of polch- 
tial is independent of the size 
of the plates, we shall explain 
tiiat the (Quantity of electricity produced is not. 

The Bichrom.^te op Potash Cell. — Fig. 62, 
In this coll the piut«s consist of carbon and zinc, and the 
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<oinat« of^H 
'event tht^| 



liquid is dilute sulphuric acid saturated* with bichroinat« 
potasli. The action of the bichromate of potash is to prevent 
hydrogen Irotn reaching the carbon plates at all.f 

any smell, this cell is much uwd 
for table work, when a moderately 
powerful current is required for a 
short time. It is neually made in 
what is called the bntlle form, shown 
in section in fig. 62. A globe-shaped 
glass bottle with a cyliMtirtenl neck 
coutiins the liquid. The carbon, 
which, though not ealled a roetal,'J 
is ;iu excelleut conductor, is what 'iB\ 
deposited in the neckis of the retort 
during the mannfucturf of coal § 
It is very hard, and can only b4| 
j^mund into shape, not fairly \ 
i'lvo [dates are made of it, \ 
vouch from the bottom to the top o 
llie bottle, where they are fised to 111 
)iii-ce of vulcanite which forms A 
.-topper. 

A zinc plate onl^ half the len^h 
<if the carlion plates is fixed to a sliding rod, so that, being still 
between the carbons, it can be placed either iu the bulb or neck 
of the bottle. The bottle is only filled up to the bottom of the 
neck, BO that when the cell is not in use the zinc can be drawn 
completfly out of the liquid. 

On the ebonit« stopper are fixed two binding screws which 
are connected by strips of metal, the one to the sliding rod 
attiBched to the zinc, the other to the two carbon plates. 




Two-PLUiD Cells. 
We liQve as yet described only cells with one Huid. 



In all 



■ About \ Qi. uf biohroiDBte will Baturate one pint i>r wh'it. The bicbm- 
inatp ebnuld \w dissalved in boiling nater, and, when it is ould, cbe iicid ahnuU 
be addi-J. Wben tlie Bolulion U a^^ia ^olJ, it will Bo ready for dm. 

t TbB clieiniciil action i. aa follow* :— 

K0.2CrO + 4S0, = Cr,0„3S0, + KO.SO, + O,. 



Groves Cell. 



209 



e batteries the compounds formed by the hydrogen return to 

ifce zinc pliite anil rttard the aetion upon it. Colls with ttro 

uids are mode to prevent this takin* place. The two principal 

types are Gruve's and Daniell's cells. The latter is used when a 

constant current oFmoiierate strength is required (or days, weeks, 

^MT months. The former, when a very powerful current is required 

^Hnr a lew hours. 

F 



' In Grove' 
fen ids, strong 



Giiove's Cell. — Fio. 63. 
cell, the metals used are zinc and platinum; the 
nitric and dilute sulphuric acids. A cl-11 of thin 




E^ 



^bizi 



poroHK earthenware is filled with nitric acid, and contains the 
platinum plate. This cell is placed inside another cell, usually of 
ebonite, containing the zinc and dilute sulphuric acid. The porous 
earthenware, when wet, permits the electricity to pass freely 
throngh it, while it almost entirely prevents the liquids from 
In fig. 03, which shows the arrangement of the plates, 
■eral cells are represented connected together, but the reader is 
[nested for the present to confine his attention to one only. In 
this cell, the hydrogen whieli, wherever it is set free, must be 
formed in the sulphuric acid, would have, in order to reach the 
platinum plate, to travel through the nitric acid ; or even if it is 
only liberated on the platinum, it is still in contact with the nitric 
acid. The hydrogen and nitric acid at once combine, and form 
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nitrous acid and water, both of which remnin in solution in ' 
free acid.' 

One of tlie zinc plates and one of the clumps used for holding . 
ttie platinum s^atDstthe zinc (page 221) are shown at the bottom I 
of fig. 63. 

Grove's battery is the oaly voltaic arrangement used for pro- I 
ducing the electric ligiit, and fur other purposes where great power I 
is required. 

Buksen's Cell. 

Buneen's cell is similar in construction to Grove's, with the j 
exception that the plate immersed in the nitric acid is of carbon 
instead of platinum. The impossibility of cutting carbon into I 
very thin slices necessitates making the cells larger. Usually 
they are made cJrcuhir. This cell is not so powerful aa Grove'sj 
and, though its first cost is much less, it is troublesome, and 
more expensive to work with.f 

Dasiell's Ckli,.— Figs. 04, 05, GO, 67. 
In this cell the metals used are zinc and copper. Tiie I 
former is usually immersed in dilute sulphuric acidj the latter ' 
in a saturated solution of sulphate of copper. In a very con- 
venient form of the cell shown in figs, 64, 65, the zinc in 
the form of a rod is placed inside the porous chU, and the 
containing vessel being made of copper acts iis the other 



late. 



* TLo chemical autioc mny be reprwented by the fullowitig forenuls. Tlie 
moleculftr arrangement berore the Rctioii being leprCFenled by the br&L'knU 
■bora the line ; aller it, by those btlow. 
NilriB PnroM 

Salptauricaf ~ 



Pt HNO,0 I 



H.SO. H,SO, Zn 



Sulphui 



1 the chemical action. — Uilkr, 



We see that the plntiimiu ifotfii not join i: 
" Elements of Chemistry," vol. i. p. 479. 

From hia having represented t«o atoms of siilphariii acid, it appean that 
Dr. Miller nan ol'opinioQ thut the ai^tion between the zinc and sulphuric acid 
was diatinct from that between the nulpburic und nitrio acids. 

f Both Grove's and Bunseii's cells give olF fumes ofnitraas acid which are 
unwholesome, and injurious to instruments, and therefore they must nut 
be placed in thu physical Inlmriitory, bnt in a "epsrate abed or cellar counected 
to the Uhoratory by insuhited copper wires. 



DanidCs Cell. 

Inside tlie copppr cell and near the top is a copper shelf, 

perfonittd with many holes. This shelf serves to keep the 

- {lOrous oell in its place. On it are piled up a number of crjataU 

sulphate of topper. The cell is filk-d with a enhirated 

^lotion of the same, i.e. with water in which is dissolved 

I maximum quantity of sulphate of copper which it will 

kontain. 




In the inner cell is the zinc rod, ami, aewirtiing to the 
purpose for which the battery is required, either dilute sulphuric 
acid, salt aud water, or plain water; the latter, while causing 
a great diminution of power, increasiug the constancy of the 
battery. 

In the cell from which fig, 65 is drawn, the copper cylinder is 
fl inches deep and 3 inches in diameter. 

When the circuit is closed, the hydrogen, whether it comes 
from the zinc through the porous cell towards the copi>er, or is 
liberated on the copper, meets the solution of sulphate of copper, 
and, taking from it an atom of sulphur uud four atoms of oxy- 
gen, forms sulphuric acid, and liberates metallic copper which is 
deposited on the copper plate. At the same time, sulphate of zinc 
is formed in the sulphuric acid cell. 
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Tlie power of this cell steadily diminislics until the dilute 
aoid is saturatetl iritli suEphute of zinc, atter which it remainu 
almuet constant for a very long time. For this reason, when 
cooetancy is more imjiortant than strtngtli, it is customary to 
satBrate the solution with Bulphate of zinc before be^'inning 
^irork. 

Figs. 66, 67 are drawn from two original models of Daniell's 
lialtery, preserved at King's College, where he was Professor of 
Physiw from 18^1 to ]8i5. 

The copper cells shown in fig. 60 iire 30 inches deep and 3^ 
inches in diB meter. 

Fig. 67 shows an arrangement which was ndopleJ for keeping 
the acid eolation constantly 
renewed, so that its strength 
should he alirays constant. 
-\ constant supply of fresh 
aicid was .tllowed to drip in 
at the top, while the used 
aeiil flowed out through the 
glass tube on tlie left. This 
cell is 6 inche:* deep and 
3 inches in diameter. The 
porous cell is made of 
parchment. The zinc is 
not shown. On the right 
is a mercury cup used in- 
stead of a binding screw. 

Numerous other furms 
ofDaniell's cell are in use, 
the various mmlifications 
having lieen introduced 
with a view of preventing the 

the walls of nny porous cell, and because of the resistance 
such a cell offere to the electrical and chemical action. 
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Gravitt Batteries— Thomson's Tbay Cell, Figs. 68, CO. 

They have usually taken the form of " gravity " batteries, that 
is batteries where the plates are placed horizontally, and the 
liquids kept apart, chiefly, if not entirely by their difference in 
density. The denser liquid is of course placed at the bottom. 



Tlu Leclanckd Cell. 
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tbe aolntioQ A glass tube is pluccd verticjlly in the solution, 
with its lower end just above the surfatie of the copper plate. 
Crrstals of Rulph»te of copper are dropped down this tube, uiid 
dissolving in the liquid form a solution of greater density than 
that of sulphate of zinc alone, so that it cannot fjet to the ziuc 
cicept by ditfusion. To ri'tarJ this process nf diffusion, a syphon, 
eonsisting of a glass tube stulfed with cotton wick, is placed, 
with one estremtty midway between the zinc and copper, and 
tiie other in a vessel oatside the cell, so tliat the lii|uid is very 
(lowly drawn off near the middle of its depth. To supply its 
place, wat«r, or a weak solution of sulphatfi of zinc is added 
above when required. In this way the greater part of the sul- 
phate of copper, rising through tlio liquid by diffusion, is drawn 
otTby tbe syphou before it reaches the zinc, and the zinc is sur- 
rounded by liquid nearly free from sulphate of copper, and 
having a very slow downward motion in thft cell, which still 
liirther retards the upward motion of the sulphate of copper. 
During the aition of the battery, copper is dejiosited on the 
copper plate, and SO, travels slowly through the lii[iiid to the 
zinc with whiuh it combines, forming sulphate of ziuc. Thus 
the liquid at the bottom becomes less dense by the deposition of 
the copper, and the liquid at the top becomes more dense by the 
addition of the zinc. To prevent this action from ehanging the 
order of density of the eti-ata, and so producing instability and 
visible currents in the vessel, care must be taken to keep the 
tube well supplied with crystals of sulphate of copper, and to 
feed the cell above with a solution of sulphate of ziuc sufficiently 
dilute to be lighter than any other stratum of liquid in the 
^11." 

Fig. OS represents a lecture model, and fig. 69 is drawn from 
a cell of the form commonly used. 'Rie tray in fig. 60 is 22 
inches square. 

kTUB LECLASCHfe Cell.— Flo. 70. 
This is now very estensively used for telegraphic purposes. 
consists of zinc and carbon separated by a porous cell. The 
zinc is surrounded by a solution of sal-ammoniac and the carbon 
by a mixture of black oxide of manganese and powdered carbon, 
^^^be cell containing the powder is filled up with water. This 
^^^^ has nnall power, but for discontinuous work will remain in 
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action, without more aUetition than occasionally filling i 
ct-lls with wuter, for goiug yeare.* 




The Two-fluid Bichromate Cell. 
In this cell zinc Had carbon are used as in the one-fluid foi 
hut the carbon is placed in a porous cell surrounded by 
rated solution of bichromate of potash in water only, while the 
zinc is placed in weuk sulphuric acid (about 20 to 1) in the 
outer cell, 'i'his battery is extensively used for leleg^rnpbic 
pur|ioses. 



The CHi^oniDE op Silver Cell. — Figs. 71, 72. 



The following is Mr. Warren De La Rue's description of a \»\ 
battery of these cells :t— 

"The battery used up till now consists of 1(181) cells, each beii 
formed of a glass tube T (fig. 71), 6 inches (15 23 eentims.) long 
and if of an inch (IB cenlim.) internal diameter; these are closed 
with a vulcanized rubber stopper (cork) c, perforated eccentrically 
to permit the insertion of a zinc rod, carefully amalgamated, ^ 
(U-iB centim.) of an inch in diameter, and 4*5 inches (H'48 
centime.) long. The other element consists of a flattened silver 
wire fiw, passing by the side of the cork to the bottom of the, 

• The clifmiciil action ii m ToIIowb : — 

N H, H CI + 2 Mn 0, + Z.1 = Zn a + K H, + n O + M», 0,. 
t Proo. Roj. Sue., xiiii.. 1874.75. p. 350; a.id PLil. TruoB., 1977, i 
cluii. p. 15S. 
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lul)e, and covered, at the upper part above the chloride of silver 
and until it passes the stopper, with thin sheet gutta-percha lor 
insulation, and to protect it from the action of the sulphur in the 
vulcanized corks; these wires are -^ of an inch (016 centim.) 
broad and 8 inches (20'32 centims.) long. In the bottom of the 
luhe is placed 22523 grains {I4.a9 grras.) chloride of silver in 
powder; this constitutes the electrolyte ; above the chloride of 
silver is poureda solution of common salt containing 26 grammes 
chloride of sodium to 1 litre (1752 gruins to 1 gallon) of water, 
to n-itbin about 1 inch (2'5'i ceutims.) of the cork. Tlie con- 




^^■Mion between adjoining cells is made b; pnssino; a short piece 
^^f ind ill -rubber tube over the zinc rod of one cell, and drawing 
the silver win: of the next cell through it so as to press against 
the zinc. -The silver rod is surrounded by a tube of vegetable 
parchment, rp, to prevent it touching the zinc. The closing 
of the cells by means of a cork prevents the evaporation of water, 
and not only avoids tiiis serious inconvenience, hut also con- 
tributes to the eireetiveness of the insulation, ^fore water can 
l>e added through holes in the corks closed by plugs, pp. 
The tubes are grouped in twenties in a sort of test-tube rack, 
S S', having four short ebonite feet.//* {fig. 71), and the whole 
placed in acabinet (tig. 72), 2 ft. 7 tn. (7S'74 centims.) high, 2 ft. 
7 in. wide, and 2 U. 7 in. deep, the top being covered with ebonite 
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on it ns an insulated tnl.iliv. 
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Daniell's (gravity) battery, waa f un 1 to he j 1 li3 t 1,' its 
interna! resistance 70 olimat per etll and it e\ol\ed 214 cub, 
centim. (U'0131 eiib, inches) minted gis per minute when passed 
through a mixture of i volume of sulphuric acid and S \ulumes 
of water in a voltametert having n resistance of 1 1 ohms. The 
Btrikinjf-distance§ oflOSOelements between copptrnire terminals, 
one turned to a point, the other to a flat surface, in an 



' See Cbapler XXXVIII. 



t SeBChftpterXXVL 
§ See Chapter XXXIV. 
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inch {0096 millim.) to -^ inch (0 1 millini.). The greatest 
distance through which the battery -current would pass con- 
tinuously in vacuo was lH inches (3048 ceiitims.) between the 
terminals in a carbonic acid residual Vjicniim. This battery has 
been working since the early part of November lH74j with, 
icUcully, u constant elect ro-motive force,"* 

FonoENDORp'd Cell. 

!he following description is tuken fi-om M. Niuudet's book on 

ptleries.f I have no practical experience of the cell. 

riie form ol' the cell is the same us that of Bunsen's. A carbon 

I is placed in the porous cell, a zinc cyliuder in the outer one. 

[Xn tlie Etnc cell is a mixture of \i. parts by tceiffht of sulphuric 

le of water. 
rin the carbon cell la a mixture (by weight) of 

loo piirti of walpT, 
12 „ ,, bithroniHte oFpo(B»li, 
35 „ „ BulplioHc Hcid. 

^Tliis cell is eaid to have a very large elect ro-motive force, 
Mter than that of Grove, double that of Dnniell.t 

Byuse's Cell, 

iDr. Byrne, nf Brooklyn, U.S.A., has invented a cell where 
t metals are platinum and zinc, and the sohilion is the sam^ 
ith»t in the bichromate cell, p. ^07, His connected to a btow- 
\ bellows, and air is forced through the Hijuid all the time 
the battery is in operation. This removes the hydrogen. Mr. 
Ladd, who has described the battery, § mentions that the quantity 
of electricity produced by it is very large. 

I have now, I think, described the principal types of batteries 
in common use. There are, however, an immense number of 
other cells, dilferiug in various details from those we have de- 
scribed — accouuts of them all will t»e found in books on tele- 
graphy, and in M. Niaudet's work quoted on page 218 
above. 

• Written in 1877. 

t Nimidft, Traiti Elrmentaire de la Pi/t EleeCrique, 2nd ed., page 
201. (B»udr7. P«m. 1880.) 
: $^ table. pax« 2S4. 
S Itepgrt. Brit. Auoc, Dublin, 1S78, p. 408, 
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LA.TiUEti Clauk's Standard Cell. 

On June 19, 1873, Mr. Latimer Clark eommunicated to t 
Royal Swk't>" an aceount ol' a " Standard Coll," thut is. a 
whijiie electro- motive force is always constant. Great difficultjl 
liad been experienced in determining a practical unit of electrd 
motive force, owing to the fact that not only are tUere differencf 
in the electro-motive forces of differeut ordinary cells, su]>p08e 
to be of the same construction, but that tUe electro-motive fonj 
of the Eame cell varies from day to day. 

With the " standard cell" it is found thitt as lou^ as it is x 
used to produce a current, the difference of potential between tM 
poles remains absolutely constant. The maximum diSereiw 
observed in a series of comparisons between dilfcrent models ofil 
during a period of several months was nut more than -j 
of the whole electro-motive force, and it appears that even tbid 
difference might be accounted for by an accidental diSWrenoi 
of temiwrnture. 

Temveeatuhe. 

The eli-ctro- motive force which the cell gives at 15°j C. is taken 
as the standard. 

It is found that the force decreases with increase of tempera- 
ture, and that the rate of variation for 1U° above and below \lP-h 
is (J-(i per cent, for each degree centigrade. 

CoSfSTItUCTION. 

"The hatteiy is foi-med by employing pure mercury as tlic 
negative element, the mercury being covered by a paste made \>y 
Ijoiling nicrcuTOUS sulphate in a thoroughly saturated solution 
of zinc sulphate, the positive element consisting of pure distilled 
zinc resting on the paste. 

" The best method of fni-ming this element is to dissolve pure 
zinc sulphate to sntumtiou in boiling distilled water. When 
cool, the solution is poured oft' fram the crystals and mixed to a 
thick paste with puru mercurous sulphate, which is aguin ImiiIci] 
to drive off any air j this paste is then poured on to the surface 
of the mercury, previously heated in a suitable glass cell ; a pteco 
of pure zinc is ihen suspended in the {)aste, and the vessel tnav 
be advautiigeously sealed up with melted paruflin wax. Contact 
• Phil. Trau»., 1874, page 1. 
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with the mercnry may be made by meane of a iilatimim wire 
passing down a glass tube, cemeoted to the inside of the cell, 
and di|>pii)g below the surfuco o£ tlie mercury, or more oon- 
venicntly by a small external glass tuhe blown on to the tell, 
and ojiening into it close to the bottom. The mercurous sul- 
phate (HgjSO.) can be obtained commercially ;" but it may be 
prepared by dissolving pure morciiry in eicess in hot sulpbuHc 
acid at a temperature below the boiling-point : the salt, which 
is a nearly insoluble white jiowder, should be well washed in dis- 
tilled water, and care should be taken to obtain it Free from the 
mercuric suljihate (persulphjtte), the presence of which may be 
known by the mixture turning yellowish on the addition of 
water. The careful wasbiug of the salt is a matter of essential 
importance, as the presence of any free acid, or yf ]jcr- 
Balphate, produces a considerable change in the electro- mo live 
I force of the cell." 

BaTTEUIES O? SEVKIIAL CeLLS. 

Wc have said that when the circuit is open (that is, when the 
polee are not connected), the pofentiale of the poles of any cell diHcr 
by aquantity which is approximntely constant Ibr each kind of cell. 
We often, however, require a difference of potential greater than 
can be given by any one cell. This is obtained by connecting a 
number of similar cells " in series," that is, connecting the posi- 
tive pole of one with the negative pole of the next, and so on — 
a numljer of eelU so connected is calli-d a voltaic hailcTg. Fig. 63 
is & representation of a Grove's buttery of four cells. It is seen 
tiiat the zinc of each cell projects sideways over the next, and 
the platinum of that cell is clamped to it. The only reason 
why the zinc plates are chosen to project rather than the pluti- 
lium, is the far greater expense of the latter, and the fact that 
Qwtug to their not being consumed, it is only necessary to make 
them of the thickness of writing-paper, when of course thcv 
bave but small rigidity. 

Thus all the pok-s are connected two and two, except one from 
each of the end cells. Tliese two free poles are called " the poles 
of the battery." 

Their difference of potential is as many times the difference of 
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potentini between the polea of a single cell, as there ure cells in 
tiie battery, i. o., in a battery of 4 cells, if we suppose the differ- 
ence of potential between two poles of the same cell to be repre- 
sented by the number 10, that between the poles of tho batt«ry 
will be reprL'sentcd by 40; if there are 5 cells, by 50, and 
so on. 

For let us suppose that the negative pole of the end cell (on 
tlie right hand in fig. 6^1) is connected to the earth; ita 
potential is zero. The potential of the positive pole will then be 
lO. But the positive pole of the first cell is in metallic com- 
munication with the negative pole of the eccond, and so their 
potentials arc equal,* and therefore the potential of the n^ative 
pole of the second cell is 10. Rut the common diflerence of 
potential being 10, the positive pole of the second cell has a 
potential of 20. This is in metallic communication with the 
negative pole of the third cell, and therefore the potential of the 
positive pole of that cell is 30, and that of the positive pole of 
the fourth cell 40, or the difference between the potentials of the 
poles of the 4-cell battery is 40, or four times the diSereoce 
between the poll's of each cell.f 

* If ve coDiider the difTerence of pntentlal to take p1aue at tlie contact ol 
tlie metnls, we must coniidcr the potentials of the two metal* in the Mine 
rvll to be equal, and the above argument will attll bold. 
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AVlien a Grove's battery is miwh nspd, it is worth while to make spwi.il 
nrmngcmentB fur kecpinii; it in good order, and to fucilitato getting it up ami 
taking it to pieces. The following plan has been adopted with «u«wia by tin; 
prnent writer; — 

The zincs are kept in a lar~a earthenware " crock " full of water, in nlii,:h 
a large quantity of common soda baa been dissolved. The clamps are kept in 
a jam-pot full o£ the aaina. The porous cells are kept in a Urge crock full i-X 
piii-e water. 

On commenring to set up the battery, as many porous cells as are wantod 
are taken oat of tbe water and set wrong aide op to drain. The ebonite cells 
are then about half-hlled with diloU sulpharic acid. The lines are taken unl 
of the soda, and the face againEt which tbe pUtinnra is In be prenaed is dipped 
(without rinsing) for a few miiiiients in dilut« acid, and tben into mercury, 
and rubbed with an old tooth -br'iiih. 

This produces a clean metallic surf»ce. The BUrfai-esof tbe two <iirf clamps 
are treated in the aanie way. Tlie lines are pat in to tbe ebonite cells, and 
the porous cetld filled with atrong nitric acid and placed int'lde tbe linca. Th 
platinums are pnt in and clamped as in lig. C3, and tbe ebonite cell* filled n 
with dilute sulphuric acid. The battery is now ready for nork. It most I 
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Eftects ok tub Electkic Cdkeent. 
Heating Effects. 
The electric current heats the wires in which it passes. Tlie 
xuuoaot of heating depends on the leagth, thickness, and nature 
«C the wire, and on the strength of the current. See Chapt«r 
3tLll. 

Chemical Effects. 
The electric cnrrent, when passed through certain solutions of 
«30iDpoand chemical suhstances, decomposes them into their com- 
^WDent elements. These actions will ho treated of under thp 
Xieading Electrolysis. See Chapter XXXVIII. 

Magnetic Effects. 
The magnetic efle(;ts of the current will be treated of in the 
~aiext chapter. 

CoNVKSnOSAL SlOM. 

To save repeating pictures of ■ 

'Che battery, the conventional si^n 
^fig. I'S] is used in the diagi-ams; 't'rl I | 
the thin and thick lines represent- ^-^ 
ang respectively the zinc and other 
plates, and the number of them the Fig. js- 

number of cells. 

not be placed in the phf elcal laboratorj, but in a separate bstterj-room, as 
the fames are bath poisonous, and injurious to inBlrumentti. 

Id takiug the batlrry to pieces, the clnmps are thrown first into their jar. 
Then the platinums are riiis*d under a lap. and placed, without wiping, in their 
box. Then the porous cella are emptied into a bottle provided ivith a large 
fnnnel and put into the water jar, and then the liiica put into the soda. The 
salphnric acid is left in the ebonite cells. 

As all the operations uf taking down a battery can be done with one hand, 
much time aajr be saved by norking at two cells liinullaneouslj with the 
two hands. A skilful operator should be nble ta set Dp a 10-cell Grove's 
batter; in abnnt six minutes, and to take it down in about a minute and 
• half. 

There is no economj in purclin^ing small cells, os nitb them the acids can 
•eldom be used more ihan onw, whtreas, with larjie ones, ihey can be used 
font or Ere times. " Quart cells," with platinums 6 inches bjr 3 inches, are 
tbe beat uzr. 

New lines will require amalgamating ererj daj for 4 or 6 dajs; after 
that about once a fortnight till thej are worn out. if possible the instrument 
m«k«r Bhanld be persuaded not to put aoj paint on them. 
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Electbo-motive Forces of Variods Cblls. ^^k 


The follo\ving table is given by M. Niaiidet,* and compartSH 
the electro- motive forces of all the different cgIIb described in 


his book. The volt is the common unit of electro- motive force 


(see vol. i., pnge 245} . I have reduced the measures of sulphuric 


acid from parts by weight to parts liy volume. ^| 
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CHAPTER XIX. 

acti05s of currents on magnets — commutators — 

galvanometers. 

Action on Magnets. 

Xet a compass needle be suspended either on a point, or by a 
thread, and let a straight wire be brought near it, ]mrallel 
to it, and above it (fig. 74). Let now a current be siMit throuj^h 




S 



Kg. 74. FiK. 76. 

this wire. The needle will be defectal, i. e, it will take up a 
position making a certain angle with the wire, which angle will 
increase as the strength of the current increases, IT the diroction of 
the current be reversed — i. e. if the battory be turnod round so 
as to bring the opposite poles to the ends of the wire — the dirw- 
t ion of the deflection will be reversed. If the diroction of tlie 
current be kept the same, and the wire placed beh)w (fig. 75) 
instead of above the needle, the deflection will be reversed. If 
the direction of the current be reversed, and the wire phieed 
below the needle, the deflection will be twice reversed, i. e. it 
will remain the same. 

If now the wire be bent round the needle (fig. 70), the action 
of the bottom piece will cause the same deflection as that of 
the top one, for it is below the needle, and the current is in the 











Fig. 76. Fig. 77. 

opposite direction, and so the action on the needle is greater 
than that of either portion singly. It maybe bent again and 
again (fig. 77), and the effect is always to increase the deflection. 
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A current in a certain direction olvcaya deflects the marl 
end of the needle in the same direction. We will see wUi« 
direction this is. 

We suppose the current to flow from the positive to 
negative pole of the tattery. 

Experiment will show ua that if we imagine a little mi 
swimming in the current with his face always turned to the 
needle, the north -pointing end of needle will always be deflected 
to his left hand. 

An examinatiou of the dia^ams (Plate XX.) will make 
clearer tUan any explanation. 



COMMCTATORS. 



1 

tionS 




We have hitherto supposed that, when we change the dircctii 
of the current, we unscrew the wires and turn the battery round. 
In practice an instrument called a comntiilalor is used to save 
doing this. It is made in many forms. We will only now 
describe some of the simplest, and allude to others when we 
come to experiments requiring them. 

The simplest form (figs. 78, 79) consists of four thick quadrants 
if brass, screwed upon an ebonite base, so as 
just not to touch each other. Four holes are 
drilled at the division lines, each of which 
makes two nearly semicircular holes opposite 
each other. Into these, brass plugs can be 
put. When a plug is put in between any two 
Fig. 78. BLeYaiixn. quadrants, an electric current can pass from 
one to the other through the plug. Two plugs are used, 
and are both placed in one or the other diameter of the 
circle of quadrants. The two battery wires are attached to two 
diagonally opposite quadrants. The two ends of the wire through 
which we wish to scud our current ari attached to the two other 
quadrants, 

' If now the plugs are placed as shown in fig. 79, the 
reader, if he will trace the course of the current, will see that it 
flows in the direction of the arrow, while, if the plugs are put in 
the other holes, it will flow in the opposite direction. If either 
plug is taken out, the current will cesise altogether. 

The next form {figs. 8U, 81), though more complicated, is h 



rtroDble to use. And, in using it, it is easier to ^member in 
[ whieb directioa tbe current ia going. 

On a mahogany base is an ivory roller supported on tno brass 




I uprights. The axis of the roller is of brass, but is made in two 
f pieces which do not meut in the middle. At opposite ends of a 
f dmmetec of tiie roller, and on its tircumfercnee, are iixed pieces of 




r brass connected respectively to tbe two ends of the axis by brass 
■ |»i]B inside the roller. Wires from the uprights pass under the 
e to two binding screws at one end of it. If now battery 
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wires are fixed t« these binding screws, then the brass plates 
lised on the roller are in metallic communication with the poles 
i>f the battery respectively. An ivory handle, by which the 
roller can be turned half round, is attached to one end of the 
axis, parallel to the line joining the plates, so that when the 
handle is vortical, one plate is directly over the other. Fixed on 
the base, and coming up on each side of the roller, are two brasi> 
springs, which, by wires under the base, are attached to two 
other binding screws at the other end of it. To these latter ure 
attached t!ie ends of the wire through which the current is to be 
sent. We now see that when the handle is vertical, or nearly 
vertical, as in the elevation, no current can pass ; but when it is 
horizontal, as in the plan, the metal plates on the roller press 
upon the springs, and a cui-rent passes in the direction of the 
arrow. If now the handle be turned so that it lies horizontally 
in the opposite direction, each plate will press on the spring 
opposite to that which it touched before, and the current will flow 
in the opposite direction. If the reader will trace the course of the 
current for himself on the plan, he will get a clearer notion of tlie 
working of the instrument than can be given by any expUnation. 

This commutator is a particularly convenient one for those 
branches of experimental work where alternate deflections have 
to be observed, for the battery wires can be bo adjusted that the 
spot of light,* or the marked end of the needle, always travels in the 
direction in which the handle points. Il is not, however, suitable 
for experiments where a sudden breaking of contact is required. 
Spkiso Keys.— Figs. 82, 83. 

When a sudden mate or break is required, " spring keys " ari.' 



nsed. They may he cither simple contact keys, as 
reversing keys with double springs, us fig. 83. In the latlei 
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■tacts are eo orranf^d that, if one spring is pressed down, the 
rent ^es in niiL' direction, while, if the other is pressed down, 
} ia the other direction. Both keys are provided with a 
ikDe of boldir,{» the springs in contact when required. 

Rapiii Com MfTAToit.— Plate XXI. 

lu certain esperiments it is n-quired to reverse currents very 

rapidly. For this puqwsc the arrangement of I'iule XXL has 

heen nsod. An ebonite frame carrying two wires of the shape 

II oscillates above an ebonite plate, near the corners of 
a yi which are four holes containing mercury. The bat- 

tery wires are connected to the two oscillating wires respectively. 
The holes are joined diagonally, and each pair is conutcted to one 
end of the wire through which the current is to I»c sent. An 
examination of the plate will show that, when the ends b dip into 
the cnps, the current will flow in one direction ; and when the 
ends a dip, it will flow in the other direction. The oscillations 
are produced by a rod attached to a crank in the axis ofa little 
electro- magnetic engine.* The siK'ed is regulated by u friction 
brake, consisting of a loop of silk passed round a pulley on 
the axis, and (ittacbed to an india-rubber band, which can be 
tightened by turning a handle. This apparatus is useful for 
currents of high potential, and will easily give thirty rcvert>alg 
per second. It is the " secondary reversing engine " used by the 
present writer in his experiments in specific inductive capacity 
(vol. i. page 1 13). Numerous other forms of rapid cummutatora 
are used for different purposes. 

GaLV4S0METERS. 

We have spoken of the dilTerent strengths of the currents 
produced by various batteries ; we will now give an account of 
sotne of the methods used to measure them. 

The instrument most commonly used to measure currents is 
called a "galvanometer." 

Galvanometers may be roughly divided into two classes^ 

(1.) Tliose used to measure strong currents. 

(2.) Those used to detect feeble currents. 

The latter class are of great importance, for we shall see that 

most measurements of resistance are determined by a balancing 

of currents, such that, when the equilibrium is complete, no 

• See Chapter XL. 
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cnmnt ahsll pus; and, ttterefore, it ia impoitant to detect eren 
the feeblest cnmnt. 

TbB TaHOBHT OlLTANOHRBB. 

Amonfi^ the firet class tlie TWigent Galvanometer >tands 
pre-eminent. 

In its simplest form it eonsiBts of a large Teiiical ring- of 
copper wire, in tbe centre of which is a small compass needle. 
When the instrnment is need, it is turned bo that the ting lies 
in the mag^tic raeridi«n, and therefore the needle lies in tl>« 
plane of the ring. When an electric current ia sent roDnd the 
ring, it deflects the needle (page 226). Now, when the ring ie 
large and the needle small, we can, in onr calcnlations, n^gjeot 
the difierence of the distanGee of the various parts of it from the 
ring, i. e., we can consider the force acting on each part of it as 
eqaal to that acting at the centre of the ring. 

The force / which a given cnrrent flowing in a circular are 
exercises on a magnetic pole of strength m at its centre is eqoal 
to the strength of the pole multiplied hj the strength of the 
current^ mnUiplied by the length of the arc and divided by the 
aqnare of the radios or distance of the wire from the magnet — 
/= ^Q. 

where I is the length of the arc and a the radius. 
When the arc forms a complete Hog the force is 



SffaC"_2,r^ 



As soon as the current passes, a couple,-!- whose arm is the 
length of the compass needle, and whose forces are proportional 
to the strength of the current, begins to act on the needle. 



84) be the needle, and let its length be 2 ^, and 
tim^i tbe radioi. 



• ¥or the circnrnferenpc of a circle 
t See vol. i. p. 149. 
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let its pole be of strength m^ so that the force exerted by 
any magnetic force on it is equal to m times that force ; then^ 
when first the current begins to act^ we have a couple whose 

moment is 2 /m C i, e,, it is proportional to the length of 

the needle multiplied by the strength of the current. In these 
calculations it is, however, usual to consider only one half of the 
needle ; then the moment of the couple acting on each half of 

the needle is Im C or half the whole couple. 

a 

Now the needle begins to move and is deflected through a 
certain angle, it may be 5°, 10^, or 50° — let us call it !P, and 
then the same calculation will do for all experiments, and we 
can substitute the number of degrees observed in each experiment 
for B in the final result. 

Then the moment of the couple which the current exercises is 
less than before, for the direction of its force, which is perpen- 
dicular to the meridian, meets the meridian say at 6 (fig. 85). 



Fiff.85. 

The arm of the couple is then no longer equal to O A, but only 

to Oi, and the moment of the coui)le is ^l-i- ;« C. 06, or is pro- 

a 

portional to the strength of the current nmltipHed by the 

length 04. 

But, now that the needle is deflected, the earth's horizontal 
force, which we will call H, is acting in a direction parallel to 
the meridian, tending to pull it back into the meridian. This 
also forms a couple tending to turn the needle in the opposite 
way to the current. Its force is Hw, and its arm is evidently 
equal to the length Oc, that is to Jil/; its moment is then 
H«. Ady or is proportional to the earth's horizontal force multi- 
plied by the length Ai. 

Now when the moments in opposite directions are equal, the 
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needle will come to rest^ that is, when the needle is at rest the 
two couples are equal, i. e. 

a 
which gives us — 

a 06 

f . e. the strength of the current is proportional to the earth's 
horizontal force multiplied by the ratio of Kb to Ob, 

We see that the length and strength of the needle makes 
no difference, for it cancels out. And it is known by trigo- 
nometry that the ratio of Kb to O^ depends only on the angle 
S which the needle makes with the meridian, and not on the 
length of the needle or anything else. 

This ratio is called the tangent of S, and is always written tan 8. 

We see that the ratio increases when i increases. In books of 
mathematical tables the values of tan h will be found, calculated 
for every value of S, from 0® to 90®. 

We have now finally for the strength of the current — 

C = H tan d ^ 

2 ir 

— that is, the current equals the horizontal component of the 
earth's magnetism, multiplied by the tangent of the angle of 
deflection, multiplied by a constant which is determined by 
measuring the galvanometer ring. 

Thus, to find the strength of a current, we look in a magnetic 
chart for the strength of the eaith^s magnetism at the place. 
We then send the current through the galvanometer, and 
observe the angle of deflection, look ibr the number corresponding 
to that angle in a table of tangents, and, multiplying the two 

totrether (H tan *), and by the constant - — , we have the strength 

of the current.* 

♦ Action of a Cikcular Cubrent on a Compass Needle at its 

Centre. — Fio. 80. 

General Case: — 

Lit the compass needle be free to move onl}* in a horizontal plane. 

Let the plane ot'the ring make an angle 6 with the vertical, and let a be the 
horizontal angle through which the needle would have to be turned to brin^ 
it from the magnetic meridian into the plane of the ring. 

Let C he the current, II the horizontiil component of the earth's force, a the 
radius of the ring, d the angle which the nectlle makes with the meridian 
when at rest under the joint actions of the earth and current. 
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The single ring is the simplest form of the galvanometer, but 
it is not suited to accurate work, owing partly to the want of 
security as to the ring remaining perfectly plane and rigid, and 
partly to the comparatively high ratio which the irregular action 
of the connecting wires bears to the regular action of the ring. 

Then the couple tending to bring the needle to zero is 

H sin d Im. 

The couple tending to deflect it is 

2 n- 

— C cos B cos (angle between ring and needle) Im 

= — C cos ^ cos (d + a) Im 
a — 

(the sign of a depending on the direction of the current) 
= — C cos ^ {cos d cos a 4. sin d sin a\ Im 

.•.C = H *'"* 



oot« 6 } cos d cos a -|- sin d sin a 2 n 




— S 



Particular Cases: — 
(1) Ring horizontal — 



Piff.88. 



$:= 



IT 



cos ^ = 



makes C = oo except when 8 = 

or, it would require an infinitely strong current to produce any deflection. 

(2) Ring vertical — 

^ = cos d = 1 

^ „ sin d a 

cos o cos a -f- sin O siu a J yt 

(3) Ring vertical, and in the magnetic meiidian (tangent galvanometer) 

^=0 a=0 

COB d =:1 COS a = 1 sin a = 



makes 



makes 



= H*i^l4-^==ntan«A 
COS sir 2 r 
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The following is a better form of ttie instrument (figr- 87) :- 
Two rings are used, one on each side of the needle, so pla 
that the centre of the needle is nt the centre of their commoD| 




ng.B7. 

axis (or line joiuing their centres), and that this line, wlien t 
instrument is adjusted, ia at right angles to the magnetil 
meridiun, i. e., lies magnetic E, and W. The rings are i 
of wood, and the wires are wound on them. The section of J 
ring ia as in fig. 88. In a groove at the outside is a massifi 
copper ring, which is used only for rough exjieriments with v 
powerful currents. The rings on each side are connected I 

(4) King in the rnngnetic uierldiBn but not vertical— 
Bina = 



C=H 



fin^ 



, Un8 



COS f l^t 

iieter, of wbici the ring v 



n be turned round a horizontol a: 
B a measured angle 6 witb tlie verlii-a), has been constructed for tl 
iiicflBurPTnent of Tsry powerful currenta, nnd in called tlie cmsiuo gnlmi 
The above furmuta is utied witb it. With k given current the licfli-ctioD e 
Lie made s» inmll as wo please by increasing 6. 
(5) Ring Tertii'ftI, and east and wcBt — 



Tangent Galvanometer. 
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that the current goes in the same direction through each. The 
inside of each ring is turned so as to make part of a cone, such 
that^ if it were continued, its apex would be at the centre of the 
needle. On this three coils of wire, of respectively 3, 9, and 27 
windings, are laid; they are, of course, covered with silk or cotton 
to make the current go round and round, instead of merely across 
from one wire to another. Each winding produces its own efTect 
on the magnet, and thus with a current, such that its effect when 





Pij?. 88. Fig 89. 

iu the single ring is unity, we can produce an effect on the needle 
equal to 3, 9, or 27, or any combination of the sums or differences 
of those numbers, 
When there are n windings, the equation for the tangent 



galvanometer becomes 



C = H taD 



2 n ft 



The reason for winding on the cone is that the solid angle 
subtended at the needle by each winding is the same, which elimi- 
nates the error caused by the needle not being indefinitely short. 

The needle is a short pointed one with a piece of agate let in 
to the top of the cap where it rests on the pin, while to allow a 
larger divided circle to be used, a light aluminium needle is 
attached to it (fig. 89). 

The needle is arranged so that the points of the aluminium 
needle are as nearly as possible in the line of magnetization. 



XDakes 



C = H 



sin d a 



Bin d 2 n- 

Bat in this case there can be no deflection, as C acts in the same direc- 
tion as U ; and, therefore, 

d:=0 and sin d = 0; 



and 



c.hJ- 



which is indeterminate ; or, with the ring in this position, the needle gives 
no intbrmation about the strength of the current. 
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Any error in tliia adjustment is, however, corrected by t-iking 
alternate readings with Uio current in opposite direetionsi the 
one readini>; will then be as much too great as the other is tug 
small, and the mean will be the true reading. 

Let us take an extreme case as an illuatrnlion, and suppose 
that the ati^^le between the magnetic axis of the needle and the 
line joining the pointa is 1°, and let us suppose that the current 
causes a dfllection of 30° oC the magntilic axis (fig. 90). llien 
„ the reading in one direction will ]>e 29", 

and in the other 31°. The mean is 30° 
the true delleetion; and we see that to 
determine this does not require a know- 
ledge of the angle between the directioD 
of the pointer and the magnetic axiti of 
the needle. This can, however, be easily 
obtained if wanted, for it is evidently 
half the difference between the two 
'^**'' readings. {Compare vol. i. pa^e 179.) 

The instrument is supported on three levelling screws, and tlie 
base and suppurting pillar are conneetal hy a pivot, which enables 
the latter to he turned round so as to adjust the circles in thai" 
meridian. 

SENSITIVE Galvanometers. — Astatic Keedles. 
Under the head of temitive gahanomelera come all those use 
for detecting or measuring feeble currenta. The aifatic ntedU is 
arrangement used in most galvanometers of this sort to diminill 
the earth's couple, while at the same time it slightly increases tl 
couple of the current. The needle consiats of two magneta 
almost, but not exactly, of the same strength, connected togethq 
by a rigid bar, with their similar poles in opposite direcUoni 
They are not pivoted, but are hunjj by a silk thread. TH 
marked end of the stronger magnet will j>oint to the north, bn^ 
if the combination be deliected hy any means, the couple teudiod 
to bring it back to the meridian will only be the ditTerencu o 
the couples exerted by the earth on the two magnets respectively. I 
The coil of wire through which the current passes has an opening 
left near the centre of the top side, and the connecting l«ir of the 
mugncts passes through it. One mnguet thus hangs inside the^ 
coil, and the other just above it (tig. 91). A reference I 
Plate XX. will show that the actions of the top and bottoms 



Asiatic Galvanometer. 



the coil on the lower needle are in the same direction, while, thoug'h 
the actions on the upper needle are in opposite directionsj that of 





e top of the coil which is nearest, and therefore most powerful, 
\ the same direction as those on the lower one. 

sensitive galvanometei's the current goes many, often 
ral thousand, times round the needle. The wire is wound on 
a flat reel of the form shown in fig. 92. A little tuhe a is fixed 
to it, 60 as to leave an opening for the axis of the needles. 



F^ 




%& indicator, which moves over a divided circle, 
attached to the top needle, which can be seen. The ordinary form 
of the astatic galviinometer ia shown in fi». 93. 
_ "We see it consists of an astatic needle suspended in n coil of 
|ire, wbich, according to the purpose for which the galvanometer 



I 
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is required, consista either of a few turns oftliicfc, or of many 
turns of thin, wire. The needle is suspended hy a 6bre of unspun 
silk attaelied to a brass support. A gloss shade protects it from 
currents oF air. Through a hole in the top of the glass shiule 
projects the top of a sliding pieeCj to which, and not directly to 
the fixed support, the upper end of the fibre is attached. This 
enables the needles to be lowered upon the coils, so as to take the 
strain off the silk fibre when moTJng the instrument. A divided 
circle on a card is fixed to the coil, and circle and coil can be 
turned through 30" or 40° on a pivot, so as to adjust them to the 
meridian of the needle. Sometimes a mirror like that dcBOribed 
for the reSecting electrometer is fixed to the m^edle, and allows^ 
the galvanometer to be used with a lamp and scale. This ifl 
particularly useful for lecture purposes. ^ 

With the aid of a lime light, the author has made the move- 
ments of a very small needle visible to 500 people at once. A 
disc of light six inches in diameter waa thrown on a scre«n, anil 
a deflection of 1° or 2" moved it several feet- The needle was 
about two inches long, and the mirror \ in. in diameter. But 
when a mirror galvanometor is required for accurate work, od« 
nf Sir Wm. Thomson's forms is always used. 

Sill Wm. Tuomson's Rei'Lectinq Galvakometeus. 



The optical principh 
same as that of the reflecting elec 
galvanometers 



Plate XXir. 
f these galvanometers is precisely t 



letcr (vol. i. page 3.S), 
sometimes made astatioi 
sometimes not. The mirror is usually less thai 
\ in. in diameter, and is very thin. In I 
iionastatic form (fig. 9i) the magnet, or rati 
magnets, for several are generally used, 
cemented to the back of the mirror, and uti 
usually about ^ in. in length. The whol|| 
system of magnets and mirror weighs less thai 
a grain. The object of having several mngnef 
is to get the maximum of magnetization" wit! 
the minimum 01' weight. The : 
magnets are hung by a single fibre of unspu] 

• TLi» ia requireil because the more hinlily tlm needle is umguctized tbl 
more rapidly will it came \a rest ader being vA Bwiagiiig. 





PUTB XXII.— THOPJSON's RBflECTIMi GtLyASOMKrBa. 



^P Sir IVm, Thomsons Reflecting Galvattomders. 239 

^ilfc in the centre of a circular coil of wire, which is enclosed in a 
l>raES cylinder. The froat. end of the cylinder is closed by a 
^lass plate, the back by a brass one, in the centre of which ia a 
small diec of plate glass, through which the mirror can be seen. 
The cylinder is supported horizontally on a tripod stand, each 
leg of which ia fumiahed with a levellingf screw, by which 
"the apparatus is adjusted until the mirror is seen to swing 
<:lear. 

To avoid the incoavenience of having to place the apparatns 
always in the inngnetic meridian, a large curved magnet feebly 
xnagnetized is supported horizontally on a vertical st«m, fixed to 

Ke top of the case. 
The magnet can be turned by hand on the bar oa which it 
des somewhat stiffly ; and by its directive force makes an 
artificial magnetio meridian in any desired direction. A fine 
adjustment is obtained by moving the 
stem itself by means of a tangent scren-. 
^^^Mie magnet can also be slid up or down 
^^Bie stem so as to act more or less power- 
^^B^ly on the suspended magnet. 
^^1 The scale and lamp arrangement (fig. 
^H|8^ vol. i. page 3S) is precisely the same 
^giMthntaEPdwith theelectrometer already 
described, except that instead of a wide 
opening with a line across it, a narrow 
slit making a bright verticiil line of 
light is generally used. This gal- 
vanometer is made sometimes with a 
short thick wire, sometimes with a long 

Kin one. 
In the astatic form (Hg. 95 and Plate 
01.), which is used only with long 
wire galvanometers, each netxlle is sur- 
ronnded by its own coil of wire. The 
carrent of course goes opiKteite ways in 
OGoils. The coils are sometimes 
1 in a vertical cylinder of glass, 
'. 85, and sometime in a square 

9 in Plate XXII. As the magnet and mirror s 
essarily somewhat heiivier in this construction, an alum 
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fan is sometimes attached to it to efaeck its vibrattoDs. Tin: 
other details are eimilar to those of the trij)od form. 
The Marine Galvanometer, — Fio. 96. 
This instrument is used on board ship in Inying telegraph 
cables. Its needle, instead of being suspended, \a strung on a 
fibre secured at top and bottom. A large permanent magnet is 
fixed near it in the case, so that the meridian has a sensibly con- 
stant direction with regard to the case. For a fine adjustment 
two sliding magnets with their opposite poles turned towards 




"nziL, 



tUu iitoiile, .ue connected by a cog-wheel (fig. 97). When th*', 
jtolcs are cqaidistant from the needle, they produce no effect, bul 
by turning the wheel to the right or left, one or the other 
be made to preponderate. They are contained in the horizout*! 
tube seen on the left, of fig. 96. Except the small window through 
which the mirror is observed, the whole of the case of the in- 
strument ia o£ iron, which almost entirely destroys thi 
of external magnetic forces. 



th«.^ 
bit^ 

at*l^^ 



BAI.lt 



} Galvanouhi 



When a qnantity of electricity is instantnneonsly discharge))^ 
through a galvanometer, the quantity ctin bo caloulut'Cd from thkfl 
limits of the first swing of the needlt^. 

It can be shown mathematically that the quantity of Glectri>l 
city which passes is, if the air offers no resistance to the motigaf 
of the needle, proportional to the slue of half the angle i 



In order to diminish the resistance of the air as 
Bible, a " balUlic galsanometer" has been used. 

• Maxwell, " Eleotricitj." 748, vol. ii. p. 346. 



much as pot^ J 



Baltstic GalvanontiUr — DifferaUial Galvanometer. 24 1 

The difference between m balistie and an ordinaiy galvanometer 
is this : — In the former, it is desired to brin^ the needle to rest 
IS soon as possible ; in the latter, where the limit of swing is the 
quantity to be observed, it is desired to check or ^ damp " the 
swing as little as possible. 

The following form of the instrnmect has been contrired br 
Professors Avrton and Pemr.* 

One of Elliott's high-resigtance reflecting galTanometers (Rate 
XXII.) was used, bat the needles were removed and replaced br 
the following arrangement : — 

Forty small magnets of varying lengths were prepared, and, 
having been magnetized to' sat oration, were built up into two 
little spheres^ in each of which all the magnets pointed in the 
same direction. The spheres were completed by segments ent 
from a small hollow leaden ball. The two spheres were rigidly 
connected so as to form an astatic combination, which was 
suspended in the ordinary manner. 

With this arrangement g^reat sensibility was obtained, and the 
air offered verv little resistance to the motion of the needles. It 
was found that the ratio of the first si«nna^ to the second was 
only 1'1695, a number which is suflSciently near to unity to allow 
a simple correction to be applied for the damping effect of the 
air. 

DiFFEREXTIAL GaLVAXOMETES. 

For comparing the strength of two currents galvanometers are 
»>metimes made with two exactly equal coils of wire, round which 
the currents can be sent in opposite directions. When the car- 
rents are equal there is no deflection of the needle. 

Such an instrument is called a '' Differential Galvanometer.'' 

* Beport of the Biiti«h AModation, Dublin, 1878, page 487, aad Phil. 
Mag., 1879, L p. 277. 






CHAPTEE XX. 

■LBCTBIO XBSIBTASCK ASO mXCmO-HAaxWOO VXTK. 

No bodies ue perfect condactora of eleotricitj; all otSer lena-' 
tance to its poeaage. 

Ohh's Lav. 

Ohm's Law, which is the foandstioa of modwn electrical 
measarement, is this — 

lie ttrengli ofiJke eurreni in a wire or oiler eoniuclor ia diredif 
firoporiional to tie difference of potential between it* endt, and 
inveriefy proportional to itt retiaiance. 

The diSerence of potential at the ends ia agually called " the 
electro-motive force/' The identity of the two expressions is 
obvioua from oor definitions on page 26 of this volume. We 
may thus say that the strength of the current equals the electro- 
motive force divided by the resistance. 

Briefly, it' C he the strength of a current, E the electro-motiva 
force, and r the resistance of the circuit, we have 



(l) 



i. e,, electro-motive force equals current multiplied by 



i. e,, resistance equals electro-motive force divided by curreoT. 
Elbctro-St&tic Measure op Ouekent and Besistahci. 

If we have two conductors at diRerent potentials, and connect 
them by a wire, there will be a flow of electricity or s carrent 



^Electro-magnetic Units. 
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niong the irire; and if the electro -static unit of quantity, as de- 
lioed ou page 53 of this volume, passes in each second, the 
Btrength of the current (in electro -static measare) is said to be 
equal to unity. 

Now let us call Q the quantity of electricity, as defined on 
page 53, conveyed by a current C in a time /. Then Q equals the 
strength of the current, miiltijilied by the time for which it lasts, 
i.e., Q = Ci (4). 

In the same way the quantity of water which flows through a 
tap equals the strength of the stream multiplied by the time for 
which the tap is left open. 

By Obm's law the unit of electric resistance is in electro-static 
measure such tliat, with any number of electro-static uniU of 
difference of ])otential, the same number of electro- static units 
of electricity will pass through the resistance in one second; for 
we see by equation {3) that r ia unity when E = C. 

Also from (I) and (4) we have 



I 

H^ Hence, the resistance ot a conductor,* measured in electro-static 
*4neasnre, is equal to the time required for the passage of a anit of 



(6) 



(6) 



elettricily through it when unit difference of potential i 
tained between it« ends : and— 

TimexElectrn-motive force . 



maia- 



Resistance = 



't 



Quantity 

^P Electbo-Magnetic Mbasdkes. 

Before studying the electro-magnetic measure of resistance it 
is necessary to consider the electro -magnetic measures of quantity 
and potential 

fcELKcmo-MAONETlC Measdrb of Coehent. 
In the description of the tangent galvanometer, we found that 
e strength of tbc current, as measured by the tjtngent galva- 
nometer, ia given by the following equation : — 
C = H Ian a 3-^ . 

• For B.A. unit of rpsislance. we Chap. XXTI. 

t Everett, " Units and Pbj»ieal CooBUnta," p. 130. . 



} 
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The unit of current strength is got bj patting C e= 1 in the 
equation^ 

C = Htatt«-fL- 

— ^that isj it is the current which will give a deflection S when 

tan«==ii?. 
an. 

Problem. — Assuming the earth's horizontal force to have its 
present average value at Greenwich of '1794, what deflection 
would a unit current produce in a single ring tangent galvano- 
meter with a ring \ a metre diameter f 

We have « « 1, ^ = 31 416, H = '1794, a = 25 centims. 

Hence, 

25 X 1794 
which corresponds to an angle of deflection of 

« = 64°6'. 

Electbo-Maonetio Mea.8ubb of Quanhty. 

The quantity Q conveyed by a current in a given time is the 
product of the current by the time which it lasts. 

The electro-magnetic unit of quantity is the quantity of 
electricity that a unit of current conveys in a unit of time — that 
is, in a second. 

Electro-Magnetic Measure op Potential, or Electro- 
motive Force. 

The work done by an electro-motive force E, in urging a quantity 
of electricity Q through aconductor, isEQ — that is, the work equals 
the quantity of electricity multiplied by the electro- motive force. 

The unit electro-motive force is that which must be maintained 
at the ends of a circuit, that unit quantity of electricity may do 
a unit of work in flowing through it. 

Electro-Magnetic Measure op Resistance. 

With the help of Ohm^s law we can now define the electi-o- 
magnetic unit of resistance. 

The unit of resistance is an electro-motive force divided by a 

E 

current numerically equal to it ; for we have r = - , and r = 1 



^ Electro-magnetic Units — Practical Units. 

when E ^ C ; so that a wire is Baid to have anit resistance v 
any electro- motive force acting; aloii^ it produces a current 
numerically equal to itwlf. 

AVhen we come to the theory of dimensiona we shall be ablu 
to show that this resistance is a velocity — that is, that the ratio 
of electro- motive force to current is the ratio of a Icn^fth to a 

ELECmO-MiGNKTIC MKA-SURE OF CAPACITY. 

The condenser whose capacity is unity is that which will be 
at unit potential when charged with unit quantity, or, in other 
words, it is the condenser whose potential will be always equal 
Sa its cliarge, both being' expressed in electro- magnetic measure. 

PiiACTiCAL Units — Webeb, VolTj Ohsc.' 

As some of these units are of inconvenient mag;uitudes, certain 

decimal multiples and sub-multiples of them are used in practical 

QuAKTiTT — Webeb. 
The practical unit of quantity is ca]led the Weber. It is equal 
to -jlp- the absolute electro- magnetic unit of quantity. 
1 Welter = ,'0 C.G.S. unit of quantity. 
Electro-uotive Force — Volt. 
The practical unit of electro-motive force is called the Volt, and 
is equal to one liundred million absolute units of potential. 
1 Volt = 10» C.G.S. nails. 
A Latimer Clark's f standard cell has an clcctro-motive force 
at lo°-5 C.ofl-457 Volt. 

R EsisTAKCE — Oust. 
The praclii'al unit of Resistance is called the OJim or B.A. nn'tt, 
and is equal to one thousand million absolute electro-magnetic 
unite. 

1 Ohm = Iff C.G.S. units. 

CUBBENT. 

ie practical unit of current equals ^ the C.G.S. unit. 
• E»erett, " Units and Plivsiiail CuostanU," p. 137. 
t Tol. i.. page 219. 



246 



Ml^tro-Kine^, 



CUACm — ^MldOFARU). 



Ha prwticil tmifc of capacity is oUled the Mier^arai. It 
u eqiul to tbe ooe-thooauid-lHltioDtii 
part of th« ftlMQlute alsotiD-in^iietM 

UQlt. 

I Micronirad = 10*" C.G.S. udHb. 
A Cundenser of one Microfarad Cft> 
pacity would contain alioul 300 circular 
sheets of tinfoil separated by nam 
plates, and would be contained in • 
box (tig. 98) Si inches deep, and «J 




Kir-M. 



inohes diameter * 

One Farad equals oat naillioo Microfarads. 

BSIATIOirS BBTWEES THE PlUCTICAL UnITS. 

The Weber or practical unit of qniutify is Am qomtify oon- 
veyed id one second by a carrent doe to^an deebo-motiTS lone 
of one Volt working through a resistance of one Ohm. 

The practical unit of current is a carrent of oiie>Weber pa 
second, and is the current due to an electro- motive force of ODe 
Volt working through a resistance of one Uhm. 

The Farad is the capacity of a condeoaer which holds one 
Weber at a potential of one Volt. 

I'lie Microfarad is the millionth part of a Furod. 

* The inBertion of the phig connects the tiro conting* and discfasi^M tbft 



CHAPTER XXL 

EXPERIMENTAL MEASUBEMENT OF EESISTANCBS. 

It is found by experiment that, with any given material in a 
homogeneous state, the resistance of a wire of uniform section 
varies directly as its length. 

The resistance of a wire of given length varies inversely as its 
cross section — that is, inversely as its weight. 

Therefore, the resistance of a uniform wire of given material 
is proportional to its length, divided by its weight. 

The resistance of different materials varies. For instance, if 
that of copper be represented by 1615, that of iron would be 9827, 

It is obvious that if any arbitrary wire be taken as a standard, 
and the resistances of other wires compared with it, the numbers 
thus obtained will be proportional, but not in general equal, to 
their resistances expressed in absolute measure. 

Certain wires, called resistance coils, are prepared by a method 
which will be described later, so that their resistances may be 
known in absolute measure, and then all other wires are com- 
pared with them. 

Wheatstone's Bjlidge. 

We will suppose that we are furnished with a set of resistance 
coils, and that a wire is given to us of which we are to determine 
the resistance. We use an arrangement invented by Mr. 
Christie, and called " Wheatstone's Bridge. " 

We will first describe what may be called the ''lecture 
model'' of the apparatus, as it is a machine easy to understand, 
but inconvenient to work with, and then go on to describe the 
forms in practical use. 

The lecture model (fig. 99) consists of a board on which is 
fixed a " diamond " of metal strips. At the four corners, A B C D, 
are binding screws, while in each side is a break with binding 
screws at each end of it. To two corners opposite to each other 
are connected the battery wires; to the two other corners, those 
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of the galvanometer. In tlic four breaks ore put three 
known resistances, wliicli we 
call S, », and R, and the uo- 
fn one wliieh we call t. 
We tiien vary tlie resistaiiee 
It, and we sliall find tliut 
at one particular value, the 
current of the battery pro- 
daces no deflection of the 
galvanometer. When this is 
the case, we have, as we will 
Fif-.M. prove immediately. 

Riitio of* to R eqiiflls mtio of* lo S ; 
from wliieh x can be found by simple proportion. 
TiiKORY OF Wheatstome's Soidge. 
To understand this, we must note the following direct 
deduction from Ohm's law : — 

If a wire of uniform resistance be connected \a> a buttery, the 
potential varies regularly from one end to the other of the length — ■ 
that is, at the middle point the di^erence of the potential from 
that at either end is half that of the ends. At ^ from one end A 
the potential difliirs from the potential at that end by ^ of tb« J 
whole difference ; and so on. 

More generally in any wire, the potential varies regularly I 
along the resistance — that is, if there be a wire of 10 units! 
resistance, and the potential nt one end is zero, and at tbel 
other is 100, the potential at one unit from the first end will 1 
10, at two will be 20, at three 30; and so on. 

When the battery is in action, the current, on arriving at a1 
(ti^. 99), divides, as a stream might divide into two channclal 
round an island, and part goes by the road ADC; part by ABC.l 
Let us now draw straight lines, ADC, ABC (figs. 100, 101), 
representing the resistances in the two courses, and let us draw 
vertical lines AL at the ends A, representing the diQerenco of 
potential between A and C. 

Let AD represent the resistance 9, DC the resistance t, the 

the total resistance of the branch of the circuit, contaiolii^ 

* and X, is represented by the line ADC. Similurly the resistance | 

of the branch containing S and R is represented by ABC. 

The length of the line AL, which represent* the excess ( 
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the potential at A over that at C, is of course the same in 
both diagrams. Draw lines LC in each. Now, by what wo 
have just stated — viz., that the potential diminishes regularly — 
the potential* at any other point in the circuit can be represented 
by the length of a vertical line drawn from the horizontal line 
at that point to the sloping line. The potential at D, where one 
of the galvanometer wires is attached, is represented by the 
length DM (fig. 100).t I*^ a similar way that at B, where the 
other wire is attached, is represented by BN (fig. 101). 

Now, the effect of altering the resistance R will be to alter 




—■A 



the potential at B ; for, suppose R increased so as to bring C to 
the position C, then the fall of the potential would be represented 
by the dotted line LC, and the potential at B would be repre- 
sented by the length BN'. Let us then vary R until BN 
equals DM, ihen^ the ends of the galvanometer wire are at the 
iame poiendalf and there is no current through it. 

But as the height AL is the same in both triangles, the heights 
at any other points D and B in the bases respectively can only be 
equal when the ratio of AD to DC — that is, of s to x, is equal 
to the ratio of AB to BC — that is, of S to R J— or, the galvano- 
meter is at zero when 

Ratio of « to J- equuls ratio of S to K. 

But when two ratios are equal, the ratio of the first term of 

• By " potential " wc mean " excess of potential over that at C.*' 

t The galvanometer circuit being broken. 

X The student is advised to test this with a scale drawing. 



I 
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one to the first term of tbe other is equal to the ratio of the 
second term of the one to the second term of the other ; there- 
fore, when the galvanometer is at zero, we have 
Katiti of J- to '& equaU ratio of « to S ; 
or, s equals R, multiplied by tbe 

Ratio of i to S, 
wljich is written — 



I 



ThuB, when the galvanometer is at zero, x is known if the other 
three quantities are known. 

The student will find it a useful exercise to prove for himeelF 
that it is unimportant at which pair of corners the battery wires 
are attached — tbat is, that interchanging the battery and galva- 
nometer makes no difference. 

In practice the galvanometer and batterj- should he so arranged 




FiR. 103. m. 103. 

that the two branches of the battery current encounter as nearly 
us possible the same resistance. 

For instance, let us suppose S and » each equul lOO, and R 
equal 750. Then g. = 1 ; and, therefore, 3; — R, and our four 

branches will be as in fig. 1U2. The battery wires should now be 
attached to AC, and the resistance in each branch will equal 860. 
If they are attached to BD, tbe resistance in the one branch is 
1500, and that in tbe other only 200. Now, however, suppose 
we have 

S = 1000, 1 = 10, and R = 2800. 

We have, to find *, 



Sliding Bridge. 
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"We must now attach the battery wii-cs to HD, as in this case 
the resistances of the two branches will he, qb in fig. 103, lOlU 
and2S2S; whereas, if we attach them to AC, the circuits will 
be 38 and 3S00. 

The objection to haviug a large difference in the branches is 
that nearly the whole current then passes tlirongh the circuit of 
least resistance, and beats it, thereby increasing the resistance 
oD thnt side (for the resistance of a wire increases when it is 
heated), while, when the current is about equally divided, the 
increase of n^istance due to the heating is about the same on 
both sides. 

For convenience of calculation it is usual to make S a decimal 
multiple, or submultiple of » ; then, when the halam-e is esta- 
blished by varying B, it is only necessary to multiply R by some 
power of 10, to find r. 

pEiCTiCAL Forms of Wheatstoxe's Bridge, 

The form of bridge above described is never used except for 

lecture purposes. Two principal forms are used in practice. The 

one which is most used is called n " resistance box," and the other 

is called the " sliding bridge," 

Slidiko BniucjE. 
Tills latter (Ggs, 101-, 105) consists of a horizontal board, with a 



straight wire of high resistance stretched ulm'^ one side, and 
a copper strip with gaps in it along the other. The diagram 




Fi«. ins. 

(fig. 105) should be compared with that of the lecture model, 
(fig. 99) — the Game lettfirs indicate the same points in both. 
The connections are made as shown ; R is not variable, but is 
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chosen arbitrarily. A, one of the battery wires, is attached to a 
elider wliicli slides olong tlie resistance wire. Now tlie wire at 
one Eide of A is Sj that at the other i. It is obvious that, ifi)i» 

rtiistance of the wire it vni/brm, the ratio „ will be equal to the 

ratio of the lengths of the wires on each side of the slider. A 
scale is fixed on the base, and if we suppose the equilibrium to be 
established with the slider at, say, 35, as in fi"^. (105), and Guppose 
that R = 100, we shall have 



^1^=77. Ac. 

We see in this apparatus that it is not necessary to kuov 
the values of S and *, but only their ratio. 

The apparatus is useful for some purposes, but it is not susccp-i 
tihle of any great accuracy, as its working depends on the 
sumpttou that a wire exposed to the air has a uniform resistance. 
As every particle of rust or scale, formed or rubbed off, and every 
scratch made by the slider affects the resistance, we see that the 
assumption cannot be held to be strictly true. 

The slider usually carries a spring and vertical sliding rod, tAi 
which latter the battery wire is attached, so that contact is only 
made when wanted, by pressing down the spring. 

BES1ST4NCE Coils. — Platb XXIII. 

A coil of wire of a known resistance is called a Metiifance Coil. 
Resistance coils are usually made cither of German silver wire, or 
of an alloy of silver with 33'4 per cent of platinum, as the resistance 
ofthose materials varies very slightly with changes of temperature. 

The two ends being fixed to massive copper rods, the wire, pre- 
viously carefully insulated with two or more layers o£ silk, ts 
wound double upon a reel, as shown in Plate XXI II. It is usual 
to enclose the reel in a thin brass case, and imbed the wire in 
paraffin. By immersing the case in water, the wire can be brought 
to any desired temperature. The effect of the double winding 
is that there are always two equal currents in opposite directions 
close together. This entirely prevents any inductive effect oB 
neighbouring magnets or wires. 

Bfimae REaisT.\NCB Box. 

A reiisiance box consists of a number of coils of diStjrenI 
resistances arranged in the following manner. The coils are alii 



{ 
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fixed tn the under side of a slab of ebonite, which forma the lid 
of a mahogany box (fi^. 100). On the top of the lid area namber 



^^W brass bio 




T brass blocks, to each of whicli one end of eaeh of two coils is 
connected, as shown in section in fig. 1U7. Thus, if a current is 



^ 



fPig. 107. 
•A from A to B, it has to pass through all the coils. The ends 
the brass blocks are, however, shaped as shown in the plan 
p. 10G),and brana plugs* fit in between tliem. When a plug is 



eaaoQ 



te plug, and not by the coil; so that when a plug is put in, say at 
a, the total resistance is less by the resistance of the coil at a, 
or, generally, the resistance from A to B is equal to the resistance 
unplugged. The resistance of eauh coil is engraved on tlie lid 
near the plug-hole. Here, then, we have a means of varying the 
resistances without interfering with the connections. 

The coils in the bridge resistiince box are arranged 9» in fig. 
the nnmbers representing the number of units of resistance 
;b coil. 

reader is again requested to compare this figure with 
picture of the lecture model, fig. 99, p. 21S. The same 
trs are used for the same points. 

'e see that the coils are arranged in a continuous line, and 
iding screws inserted at certain intervals, 

• Similar ta the plug abown in fi^. 7», toL i. p. 227. 
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The first line contflins two sets each of 10, 100, and 1000. 




Tlicse form the bninfbes S 
following values of ^ : — 



ind a. We see that they give ihf 



Different forniB oL ilie same fraction nre used for diflerent 
rcsi stances. 

Thus, if we desired to hare ^ = 1 wg should make it ^$ 

if X were large, -J^ if it were small. 

The arrangemeBt of the bridge has been drawn in the way 
most convenient for calculation ; but if the resistance were such 
that there was equilibrium with the present resistance unplu^ed, 
it would be better to interchange battery and galvanometer, u 
ut present the two currents are inversely, as 



Now 
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10 + X and 1000 + 2163. 

xUB 1=2163 jg3 = 21-63. 

and therefore we have 

31-63 and 3163; 
whereas, after interchanging, we have 

1100 and 2184*63. 

The longer part of the line of coils represents R on the bridge, 
and the arrangement of it is worth notice. There are only six- 
teen coils, and yet, by combining them, any number from 1 to 
10,000 can be obtained. This is best seen by taking any num- 
ber at random and trying to make it up. Generally speaking, 
we must use the large numbers first — that is, we must first unplug 
the largest number below the number we want. 

T, the wire whose resistance is to be found, is attached to the 
binding screws C and D. If it should not be long enough to 
reach from one to the other, the length must be made up either 
by a wire of known resistance, or better by a copper rod so 
tl'ick that its resistance may be neglected. 

Attachment of thin Wire. 
Where rf* is a thin wire, it should not be attached directly to the 
binding screws, as there would be an uncertainty as to the exact 
point of it in contact, and therefore as to the length between the 
screws. It should instead be soldered to a piece of thick copper 
wire beaten into the shape shown in fig. 110. 




Fiff. no. 
Tlie binding screws of C and D are each made with double 
nuts, so that different wires can be tested without disturbing 
the galvanometer connections. 

Contact Keys. 

Contact keys are placed in both the galvanometer and the bat- 
tery circuits; that in the battery circuit may be of any form so 
long as it enables us to tell by a glance at it whether the cur- 
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rent is or is not (lowiiiff in the same direction in two coosecntin 
experiments, Tlic gulvauo meter key eliould be a single sprialj 
key (fig. S2, page 2iK), not a reversing key, as tliat only intr 
(luces error; it should have a catch for holding the coulaut v 
required. 

Fkactions Of A Unit, 

We have stated that the ordinary resistance boxes give B ^ 
maximum value of 1U,0DU units. 

When fractiuiis of a unit are required, we get one or two places 

of decimals by making 5, jij, or yj^j- respectively ; but this can 

only be done when the resistances t<i be measured nve not moi 
than lOOU units for one place, or 100 for two places. A fui 
approximation can be made by observing the deflections of t 
galvanometer. If it is a delicate one, it will seldom be found li 
go truly to the zero. 

Suppose that the resistance is between 12S1 and li22, 

we must have ^ ^ 1. When R equals \%1\, the spot of lig^ 

will move slightly iu one direction, say 5 divisions to the left;- 
and when R i& 1S2S, it will move in the other direction, say 10 
divisions to the right. 

Then we shall approximate very closely to the truth if we s 

that thee^tcessofthe true resistance over 1221 bears the same rati 

to its defect from 1222 as the deflection to the left bears to tiri 

deflection to the right ; that is, that the true resistance IB 1221 jj 

Dial-Pattkrn Resistance Box. 

Resistance coils are sometimes arranged as in fig. 111. 




Thomson and Varky's Slide Rcsistatue. 
Pig*. 112 «hi>W8 the coDDCctlons. 




The branches S, * are ammgeil in a prwist-ly eimilar way to 
those in the ordinary boxes. The large reBistance R ie, however, 
arranged differently. Each dial consists of a brass disc eur- 
rounded by a rinij cut into segments. 

Eat'h st'g-ment in connected to the nest by a resistance coil, as 
shown in the lUO dial, fig. 112. All the coils in cue dial have 
the same vahie. 

llie current has to pass from the ser^ment marked to the 
centre disc. 

A plug ran be placed between the centre disc and any one of 
^H the Bcgments. If it is at the 0, there is no resistance ; but if it 

^^■.Iw placed at the 1, 2, 3 tlie current has to pass through 

^^B 1, 2, 3 coils on its viay from the to the centre. 

^H The resistance in circuit is then the sum of the resistances 
^^^^%ggeA, and is very easily reud. 



Sir Wm. Thomson .4nd Mr. Varley's Si.imxo Coils, 
Sir Wm. Tliomson and Mr, Vnrk-y have arranifed a resistance box 
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(fig. 113) where the resietaDces are varied, not hy inscrtiq 
and taking' out plu^, but hy turning a handls^ 
The coils are used us the branches S and a ^ 
ji Wheatstone bridge. Any constant known E 
a\ ■ siBt.ince can be used for R. 

d Rj'^^ 11»i principle of the arnmgement can be » 

J, J by fig. HI. 

° ' I''ig. 1 15 shows the actual connections. 

Let us consider fig. 114. The current from tin 
biitteryis brought to a slider embracing two 
of 1000 Ohms each, and diviiies along the two 
branches, S and * of L. When M is moved aloi 
one division up the picture, S is ii 
It. 1000, and * diminished hy 1000. 

To give a finer adjustment, B itself is made to consist of 11 
coils of 20 Ohms each, and the Lattery wire can be moved along 




wo 

1 



Fip. lis. 

In fig, 115 we see the way in which this arrangement is proc^ 
cally carried out. L has two revolving arms fixed parullel I 
each other, and embracing two coils. The current from one p 
of the battery enters this double arm at A', passes along ii 
is divided in the two branches, S and ». If the arm is moved o 
division to the right, S increases 1000 and s decreases 1000. 

For final adjustment the current is divided in the coils M, j 
in the same manner as shown in fig. 114. 

The reeistanees in the two branches, as fg. 115 is now a 
are respectively — S = 95G80. 



specific Resistances. 
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Resistances op Different Substances. 

Specific SeMlanee, — The specific resistance^ B, of any sub- 
stance is, in the C.G.S. system, the resistance between two 
opposite faces of a cube of the substance when the edge of the 
cube is one centimetre. 

When we know B for each substance, we can calculate the 
resistance of any wire by the formula — 

__ jf lengrth 



Resistance = B 



cross section 

The following tables of specific resistances of conductors and 
insulators are given in Professor Everett's '' Units and Physical 
Constants/' pp. 143 — 145 : — 

As the resistances of all metals increase when they are heated^ 
the " temperature correction " is given in each case. 

Table of Specific Resistances, in JSleciro-magnetie Measure * 
(at O^C. unless otherwise stated). 





Spedflo mist- 

anoe in absolute 

unita. 


Percenta^ 

variation per 

de^n'eoat 

2U°C. 


Specific 
gravity. 


Silver, bard-drawn . . . 


1609 


•377 


10-50 


Copper, „ .... 
Gold, „ .... 


1642 


•388 


8 95 


2154 


•365 


1927 


Lead, pressed 


19847 


•387 


11-391 


Mercary, liquid .... 


96146 


•072 


13-695 


Gold 2, silTer 1, hard or an- "> 
nealed j 


10988 


•065 


15-218 


Selenium at 100^ C, crys- 1 
talline ) 


6x10" 


1-00 




Water at 22® C 


7-18 xW 


•47 




„ with '2 per cent. H^SO* 


4-47 ,. 


•47 




„ „ 00 „ „ 


3-32 X 10* 


•653 




>t ft ^0 „ „ 


1-44 „ 


•799 




»» f» "^^ »♦ »» 


1-26 „ 


1-259 




•« ft ^*- »♦ »» 


1-37 „ 


1-410 




Sulphate of zinc and water ) 
ZnS04+23H,0 at 23° C. J 


1-87 X 10'*» 










Sulph. of copper and water \ 
CuSO«+45H,0 at 22° C. j 


1-95 „ 










Glass at 200«> C 


2-27 X 10^* 






,. 260° 


1-39 X icy 






„ 300° 


1-48 X 10" 






,. 400° 


7-36 X 10" 






Gutta-percha at 24° C. . . 


3-53 X 10^ 






0°C. . . 


7 xlO** 







We rememher that the Ohm (or B.A. unit) = 10^ ahsoluto unita. 







^^^^ 


^^^ 


f 


. ■ 


1 Electro- Kinetics. 










PerMougfi 




L 




„".cr. 






1 












Silver, annealed . 


1S91 


-3-7 




.. l»Lrd-dra»'n . 






1032 








Copiwr, annealed . 






10IS 








har^l-drawr. 






11352 








Gold, annealed . 






2i:«l 


'365 






,. Ijard-dratvn . 






2118 














2»16 








Zinc, prouwd . 






WAi 


■36fi 






Platinum, anneakd 






(11314 








Iron, Bniiealed 






OS27 








Nick. L annealed , 






vitm 






1 








13360 


■365 












1!)S50 


■3S7 






Antimony, pressad . 






35WM) 


■3SS 






Binmuth, pressed . 
Mewury. fiquid . 






132«5() 


■351 




<! 






WJISK) 


■072 




Alloy, 2 partx plalinimi. 1 part -) 
Bifver, by weight. In.rd or !■ 








i 


2406 


■031 




1 


German aiWer, hard nr nnnraled 


21170 


■014 




1 


Alloy, 2 parb f(old. 1 silver. 1 


10990 


■065 


( 



Gutta'pereba 
Shellac 
Hoopei-'u mat I 



8 4x10" 
45x10" 
90x10" 
15x10- 

2 8x10- 

3 4x10" 



Ayrton and Perry. 
( SUndai'd adopteil by 
t Lotiiner Clark. 

Ayrlnn and Perry. 

Itecent cable te)>tg. 

Ayrton and Perry. 



_ ; measured with r.ccuracy, but greater 
than any of the above. 
Practically infinite when cold. 



The following table is due to Dr. Mattliiessen :•— 

KiJTer 2844 

Copper 29-69 

Gold 21-30 

Tin 2H.89 

I*aJ 29fll 



Phil. Trann. 1861. 



Shunts and Divided Circuits. 261 

OALVANOMETKa ShDNTS. 

For accurate determinations of resistances we must use the 
most delicate form of reflecting galvanometer. In cases where 
"we do not approximately know the resistance there will, in 
the first few trials, be a considerable difference of potential at 
the ends of the galvanometer wire ; and, if the corresponding 
ourrent were allowed to pass, the galvanometer would be damaged. 
To obviate this inconvenience, " shunts '^ are provided. 

They are also useful for measuring, by the deflection of a gal- 
vanometer, currents so strong that, if sent directly through it, 
they would send the spot of light off the scale. 

Theory op Shunts. 

The theory of shunts depends on the following deductions from 
Ohm's law : — 

Let there be a wire a (fig. 116), and let it divide at A into two 
(or more) branches b and <?, ^ 

and let them join again at B a. -^^ ^^ ^ 

and continue in d ; then the o 

current in d is the same as ^**^- "®- 

the current in a. In the parts h and c it is divided. 

Let E be the difference of potential at A and B ; let C» C, r* r, 

be the currents and resistances in h and c respectively; then by 

Ohm's law we have in the two branches respectively, 

E = C* n and E = C. r„ 

but E has the same value for both circuits and so we have 

Cfc Tfc ^ C, r,. 

Whence we have ^ — »*€ . 

C. r,' 

or, the currents in the branches are in the inverse ratio of the re- 
sistances. Thus, to construct a shunt such that the currents in 
the two branches shall have any given ratio, it is only necessary 
to make the resistances of the branches in that ratio reversed. 
By connecting the poles of a galvanometer by a wire, the 
ratio of whose resistance to that of tlie galvanometer coil is 
known, we can send 
only part of the current 
through the galvano- 
meter and the rest 
through the cross wire. 
In fig. 117, the same letters are used for the same parts as in 



^ 






(y 


V 


vC 


d 


Fig. in. 


e 
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tbe preceding diagrom, fig. 116. The reader should compare the 
two. 

If we know the resistanceofthe shunt i and of the galvanometer 
coil c, we know from the preceding calculation the ratio of the 
cnrrent in the galvanometer to that in the shunt h. Tliia, how- 
ever, is not quite what we want for practical work. "What we 
i-equire is the ratio of the current in the galvanometer, not to that 
in the sliuut, but to the total current ol' the battery — that is, to 
the current in a or d. 

Now the whole current gets from A to Bj and the only paths by 
which it can travel are h and c; therefore) current in A added to 
currentiucequal3wholecurrent;or, if wecallC the whole current, 

C=C. + Cr 

Let r be the total resistance of the divided circuit. 
To find r, we have, 

current in 6 = C. = ^ ' 



i 



reducing to a common denominator and adding, we have 

or, what is the same thing, 



The current C, in the galvanometer is 



The ratio of the latter current to the former is 
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and we have from this, 

C. _ _r. 1__^ u_ 

C — 1 "■ 1 "" n -f r. 



n + n r^ -H n 

— ^tbat 18, the ratio of the current in the galvanometer to the 
whole current is the same as the ratio of the resistance of 
the shunt to the sum of the resistances of shunt and galvano- 
meter. 

Construction op Shunts. 

In practice, shunts are usually made in sets of three, having, 
respectively, resistances such that -j^, y^, or -jthto" ^^ ^^^ whole 
current passes through the galvanometer, according as one or 
the other coil is connected to it. Of course, each galvano- 
meter must have its own set of shunts. 

Problem, — It is required to construct a set of shunts for a given 
galvanometer, whose resistance is known. What must be the re- 
sistance of each coil in order that -y^, yj^, or x^Vu" ^^ ^'^^ whole 
cuiTent may pass through the galvanometer ? 

Case 1. Required ratio of currents 1 to 10 we have 

^' = ^ that is 



n + r. 
or, 

10 = ^* + ^' = !:» + ri= 1 + *••. 

Subtracting 1 from each side, we have 9 = -, or resistance of 

shunt must equal \ resistance of galvanometer. 
Case %. Required ratio of currents 1 to 100. 

C 100* 
therefore, 

100 = tJL+il' = 1 + ^^ 

or 

09 = !!? 

— that is, the resistance of the shunt must be -^^ the resistance 
of the galvanometer. 
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' 111 Cage 3 wt! have required ratio 1 to 1000. 
C._ 1 
C IIXXJ" 

ijifaerefore, 

, 1000 = ^L+J* = 1 + *"-, 

or, 



— tliat is, the rusistftiice of the shunt must etjual j^ thu resistance 
of the galvanometer. 

Galvanometer shunts are usually arranged as in tiff. 118. 

Three coilsj having respectively -J-, ^, -j^^- of the resistance of 
the galvanometer, are arranged in an objfing hox, from wbicb 
broad strips of copper lead to the ^vaaometer. 




Fig. lis. 

On the lid of the box A B are two blocks of braes, a and A. One 
end of each of the three coils is attached to d. The other ends 
are attached respectively to three insulated blocks, b^ b, 6^. By 
means of a plug b, b„ or b, can be put into conocctiou with a. 

When no plug is inserted, the whole current fi-om the battery 
goes through the galvanometer. When a plug is put in at b,,-^ of 
the current flows through the firet coil and only -^ through the 
galvanometer. If the plug be now transferred to ^, or £„ -^^ or 
^^jr flow through tliose coils respectively, leaving ^^ or nf^f , 
to flow through the galvanometer. 

A plug placed at £« puts a and 4 into direct communicatioD, 
and prevents any current passing through the galvanometer. 

The same letters denote the same parts in fig. 118 as in 
tigs. 116 and 117. 

If it is necessary to leave a train of apparatus in an unlocked 
room, with the battery connected, the plujr should always be 
niaced at b„ so that, in case of any one meddling with the contact 
keys, the galvanometer may not be injured. 



Resistance of a Galvanometer. 



In 



mmenuing to work, it is usual to put 
adjust the rceistnnce 



N 



II no dudectlon is vi 
to b„ and probrtbly a small 
motion will bo obstrvcd. The resistances 
being reaJjiisted, tlie plug should be moved 
to i, and then t:iken out altogether, so 
thiit the resistnuco may l>e determined with 
all the accuracy of which the instrument 
is capable. 

Fig, 119 shows a set of shunts ar- 
ranged in a cireular bos. Tlie eo|iper strips 
are removeil. The plugs are seen in b^ 
audi.. ^«-"» 

CouPESSiTrNn Eesistasce. 

The effect of inserting tlie shunt is to diminish the total 
resistance of the circuit, and therefore, possibly, to bo increase 
the total current that the deflection is not reduced. 

In order to keep the total current constant, a "compensating 
resistance " is introduced which is equal to the diminution pro- 
duced by the shunt. 

The introduction of the shunt reduces the resistance from 




The compensating resistance [p\ must be t 
nution, ie., 



lunl to the dimi- 



But r, = 

passes thrc 



■ j- where n is the fraction of the current which 

I the galvanometer, hence 



- 1 



Thus, for instance, wilh the -^ shunt, the compensating resis- 
tance would have to be -jBj- the resistance of the galvanometer. 
SiE W. TnoMsoif'a Mbthod of DETEKuiNiNa the Resistance 

OF A GaLVAWOMETBB. 

The obvious way to determine the resistance of a gnlvanometer 
is to remove, or lix, Its needle and treat it like an ordinary coil 



1 
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of wire, using another galvanometer in the bridge. It, however, 
sometimes happens that there is only one very sensitive galvauo- 
tueter in a lubor.itory, and that it is required to know its resis- 
tance. To determine this without the necessity of procuring 
another instrument, the galvanometer is arranged vrith its 
needle and scale in jiosition, In the usual position of the wire x, 
whose resistance is to he taken. A simple wire, whose continuity 
is broken hy a contact key, is put where the galvanometer is 
usually put. In the lucture model the arrangement would be as 
in fig. no. Let O be the wire 
and key substituted for the usual 
galvanometer, and let ^ be the 
galvanometer whose resistance is 
to be measured. Irtit us break con- 
tact at 0, and allow the current 
to flow in the bridge. The needle 
of galvanometer x will be de- 
flected. Let us first suppose 
that the current in the branch 
A D C is 80 Bmall that the de- 
flection is within the range of the instrument; that is, that the 
spot of light does not go off the scale. Let us now observe the 
deflection and make contact at 0. If the equilibrium is correct, 
no current will flow through ; if R is too great or too small, a 
current will fluw in one or the other direction. There is no 
galvanometer at O, but we can tell whether or not a current 
is Bowing in it in the following manner: — 

Suppose the main current to be flowing from A to C, then^ as 
long as contact is not made at O, the strength of the current in 
D 0, that is in x, is equal to its strength in A D ; hut, if part of 
the current flows from D to B, the current in x will be diminished, 
and tlit defieciion will decrease when contact is made at 0, 

Similarly, if a current flows from B to D, it will increase the 
current from D to C, and increase the deflection. 

Hence the bridge equilibrium is established, that is R has its 
correct value, when making contact at 0, neither increases nor 
diminishes the deflection of the needle of the galvanometer at x. 
If, however, as probably will he the ease, the galvanometer is 
BO delicate that its share of the current of a single cell would send 
the light spot off the scale, a shunt must he applied to it. If the 
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l^lvanometer has no shunts, a resistance coil^ if one is at hand^ or 
if not, a piece of wire whose resistance can be determined, may be 
used as a shunt. 

If the resistance of the shunt wire be /« and that of the galva- 
nometer r, we have r* known, r, unknown. 

The result of our bridge experiment is to give us the value of 
the resistance of the divided circuit D to C ; that is, after the 

experiment we know the value of — * * -. By substituting the 

r» + ^ 

value of r* we can easily calculate r,. 
Example — 

R=600 |=^V 

r« = 10, r, is nnknuwn 

we have 

Substituting the above numbers we have 

T7^=50 
10 + r. 

or 



that is 



or 





10 + 
10 r, 


• 


1 
60' 






10 
lOr.^ 


10 r. 


_1 
60 




1 


_ 1 
60 ' 


1 
"lO 


= — 


4 
60 



which gives 

as resistance has no sisrn. 



r. = 12i 



Resistance of Batteries. 

The fluid of the battery itself is interposed in all battery 
circuits, and as it offers very considerable resisUmce to the current, 
this must be taken into account in calculating the total resistance 
of the circuit. 

Mange's Method op Determining the Resistance op a 

Battery. 

In the arrangement just described for determining the re- 



i, sist: 

* gal. 

I mah 

K T 




ffistance of a galvanometer, kt us interchange tbe battery and 
galvanometer. Jt can be proved matherantieally that this will 
make no difference in the bulancing ratios. 

The same calculation as in the Ibrmer case will apply, only the 
result gives the resistance, not of tbe galvanometer, but of the 
battery. 

Mance's method was invented before Sir W. Thomson's, and 
tbe latter was derived from it. 

Best Way to aeranqe Cells fok asi Purpose. 

The fact tbflt batteries oQer resistance is tbe reason that 1arg;e 
plates ore used when a strong current is required. Small pL-ites 
give 08 great an electro- motive force as large ones, and therefore, 
by combining a sufficient number of the smallest possible cells 
"in series" (fig. 121), we can get as great an electro-motive force as 
we please. If, however, the cells are small, we introduce at the 
same time so great a reaiatonoe that possibly we do not increase 
our current at all. 

In discussing the best size of cell for any parpoee, we must 
take into account the resistance of the external circuit 

If, as is usually the case, we have only one size of cell, we 
must remember that by combining 2, 3, • • •, cells with their 
like terminals connected, we produce a compound cell equivalent 
to one with its plates of 2", 9 times - - - -, the area of those 
of one cell. This method is called "connection side by side" 

(fig- las). 



y"rTr\ 


/V^l^/^^ 


Fig. m. 

Thre* Mill mnnccled in »erie«. 


ng. m. 

Thr» cell! connected (Ida by ild*. 


If tho resistance of one 


: coll be taken as unity, the resistance of 


■2 cells will be 

3 „ „ „ 

4 » H •• 


in sertM. aids br side. 

... 2 i 
. . . 3 i 
... 4 J. 
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Suppose now that we have a number of cells of a particular 
size, and that we wish to g^t the greatest possible current in a 
wire of g^iven resistance. 

Let E be the electro-motive force of one cell, let R be the 
resistance of one cell, let r be the total external resistance, and 
let Q be the number of cells. If the cells are arranged in series 
we shall have 



C = 



- QE 



QR + r 

If they are arranged side by side we shall have 

E 



C = 



i^-^"" 



If they are arranged in any intermediate way, that is, in a series, 
each member of which consists of two or more cells arranged side 
by side, and we call the number of members of the series N and 
the number of cells in each member Uy we shall have 

p« NE 

— K 4- *• 
n 

This is the general term, the two first expressions are par- 
ticular cases of it. 

It is obvious that Nm is the total number of cells and 
equals Q. 

Let us now take some cases to illustrate the rule. 

Let us suppose that we have 20 cells, each of 2 units resis- 
tance, and that we wish to send as great a current as possible 
through each of three wires separately, whose resistances are 
respectively 1000, J, and 10 units — 

£ depends on the nature of the cells, and is the same in all 
arrangements. 
R= 2 
r = 1000, i, 10 in the three cases respectively. 

Ca9e 1. r = 1000. 

First arrange the whole of the 20 cells in series (fig. Iil3) ; 
this gives N = 20 and w = 1 ; we have 

20E 20 



^ f? 2 + 1000 1040 



19 
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V — ^-7^1 — y 

Now arrange them all sUe by side (fig. 12t). We have 

K = 1 « = 20 ; 

.ind therefore 

c= —E =_!_ 

^ + 1000 lOUO ■ 1 
or only just over -^ of what we obtiiined before. 



^^S5SSSi55SB> 



Let 113 now arrange the ci'lls in 4 groups eide by siiio, each 
ooneistiiig of 5 cells arrnngwl in series (fit;. 125). 

This gives N = 5, « = 4, and therefore the current is 



ja + iooo >"»« 

TIlis is better than the last arrangement, but not so good 




as the first; so we see that when the resistance outside is lai^, 
we should arrange all our cells in scries. 

Case 2. IJet us now try what is the best armngement when 
the external resistance is small, that is when, say r =3 J. 

Firet arrange in series — 
We have 

N = 20 n = l R = 2( 
then 
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C = 



20E 



= — -^ £ ^ i nearly. 



[We see with this arrangement 3 cells give nearly as great a 
current as 20, for we should have 

Let us now arrange all the cells side by side. 

We have 

N = 1 n = 20, 



and 



C = 



E 



•2 + i A, + i 



E 



^^ = f:? E = 3 E nearly, 



4 -H 10 14 
40 

or six times as much current as we got with the series arrange- 
ment. Therefore, when the external resistance is very small, it 
is best to arrange all the cells side by side. 

Caie 3. When the resistance is neither very small nor very 
great, we must use one of the intermediate arrangements. 

Suppose r = 10. 

First let us try series. 

N = 20 n = 1 

p _ 20 E _ 20 p _ , p 
^"■f^2TlT)""50*'-^^^' 

Now let us try " side by side.'' 

N = 1 n = 20 



C = 



i, ' 2\ 10 = 10^' ^ = ^'« ^ "^"^^^- 



Now let us try 4 sets of series with 5 cells to a series. 

N = 5 « = 4 



C = 



6E 



= vjjj = i*i exactly. 



{ • 2 -h 10 12i 
Now let us represent the number of cells in series by the hori- 




Fig. 12a 



zontal distances in fig. 126 and the strength of the current by 
vertical distances. 



Electro- Kinetics. 

We Bee e strength of tbu current was increasing from 1 to 5, 
and at 20 it bad the same value as at 6. It is then but reason- 
\ flWe to suppose that it went on ineieasing for a wiiile after 5, 
*, and then hegan to decrease to the value it had at 20. 
, The point where it turned fi-om increasing to decreasing was 

' its maximum ^'aluc. 

Let us look for this intermi>diiite point, and try an arruDge- 
X mentof 2 sets of 10. 
L We have 

' N = 10 M = 2 



. 1 E _ 101 
■ I," 2 + 10 20 



= 4 E or A K. 



This then is the best practical* arrangement of cells with the 
given resistances. 

We do not, however, in practice wish to have to do all these 
sums beibre arranging our battery ; we want a rule by which we 
onn at once see the best arrangement. 

The problem thus before us is this — 

" Given R, r, and [N x «) [the number of cells] to find the 

N . . 

ratio of— which will make C a masimnm." This problem 

requires the use of the differential calculus for its solution, and 
I have therefore worked it out in a footnotef. "nd can only here 
give the answer, which is — 

* This is uot neces&arilj' th« maximam valae of the funutiun, but it ia the 
value coDBUtent with the experimental limitation that^ — is a whole 



t We have 

(N n), R, r, E, all coDstant to fiud the value of — , which mnkee 

WE 



'" J + r 



Nt^ 
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C is a maximum when 

that is when 

N_ r 
n K* 

That is, to obtain a maximum current^ the ratio of the number of 

cells in each series to the number of sets in series connected side 

by side, should equal the ratio of the external resistance to the 

resistance of each cell. 

but X n = constant, /. N ^ ( — • constant ] , and this constant = number of celli 

= Q- 

DiSerentiating (2) with respect to N wo have 



equating to zero. 



or 



or 



But 



or 



or 






QE ' r N« 



kQ = ^'- 



Q = X «. 

:. x« = j^ N » 



X = — » 






(4) 



1 .. 



Thus the arrangement given in the text makes --^ either a maximum or a 

minimum. 

Differentiating (3) again, 

51JI-N^E • • • • (5) 

which is positive, and therefore 7^ is a minimum, or the arrangement 
given in the text makes C a maximum. 
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This arrangement also makes the total internal retiatance equal 
(he exterual for the equatinn ^ives r = — R, and — R is, as 
wo have seen, the total resistance of the battery. 
Ukits op Rksistaxce. 

In experimenting on eleetric resistance, it is very important 
to have some unit of resistance to which other resistances can 
he referred. The first and obvious form of unit is a wire of 
some fixed length, section, density, and substance at a given 
temperature. 

The Siemens unit consistfi of mercury at a temperature of 
0° C. enclosed in a glass tube 1 metre long and 1 Etpare milli- 
metre in section. 

This is a purely arbitrary standard, and cannot be connected 
with any absolute system of measurement. A system of measure- 
ment baeed on the C.G.S. system has been inti-odueed by the 
Rritisli Association, and the unit derived from it is called the 
B.A. unit or Ohm. 

Wc must defer the consideration of this to a later portion of 
the book^ as to understand it we require a kuowJcd^ of some 
portions of electrical science which we have not yet treated of. 
(See Chapter XXVI., vol. i. p. 286.) 



CHAPTER XXII. 

blectko-maonetism. — preliminary notes. 
Equivalent Magnet. 

If a current of electricity be sent round a very small ring of wire, 
the latter acts in all respects as a short magnet would do if it 
had been suspended at the centre of the coil, and had taken up its 
natural position when acted on only by the current. That posi- 
tion we remember is perpendicular to the plane of the ring, and 
with its marked end to the left of a man supposed to be swim- 
ming round the ring, down stream looking towards the centre.* 
If, keeping the strength of the current constant, we make it 
circulate round two or more concentric rings, we increase the 
magnetic moment of the equivalent magnet by increasing its 
strength. If the rings are arranged in a helix, we increase the 
arm of the couple and so increase the moment. 

ELECTRO-MAGNET.t 

If a bar of soft iron be placed in the axis of a coil of wire, and 
a current sent round the coil, the bar becomes a magnet with its 
marked end to the left of a man swimming down the current 
looking towards the axis of the coil. 

When the current ceases, the bar loses its magnetic properties ; 
when it is reversed, the magnetism of the bar is reversed. The 
magnetism of the bar increases when the strength of the current 
is increased. At first, when the current is feeble, it increases 
approximately at the same rate. As the strength of the current 
increases, the strength of the magnet increases in a ratio, smaller 
and rapidly diminishing, until at length a point is reached where 
increasing the current produces no further increase of magnetism 

• See p. 226. 

t See Chapter XXXI. 
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in the bar. When this occiifBj the bar is said to be ''saturated 
with magnetism/' 

Mutual Action of Two Cusbikts. 

Two cnxrents in the same direction attract each other. 

Two currents in opposite directions repel each ottier. 

Tke force between two parallel etraight eurrenie is nnmerieat^ 
equal to the product of ike etrengtk of ike currents mulUplied ij 
their length, divided hy the square of the distance between them. 

This fact was discovered by Amp^. 

Elbctbo-magnbtic Inductiok. 
The following discovery is dae to Earaday >— 

Motion of Wibb. 

If a wire be moved in the neighbourhood of a magnet in anydirec' 
tion, except along a line of force, a difference of potential will be 
produced at the ends, which, if the ends be connected by a wire not 
acted on by the inducing magnet,* will cause a current. 

The. direction in which the current will flow may be remem- 
bered as follows : — 

If in the northern hemisphere a person with arms extended 
moves forward, then the current which would tend to be pro- 
duced, in a wire represented by his arms, by the action of the 
earth's magnetism would flow from his right hand to his left.f 

Motion ok Magnet. 

If a magnetic pole be moved in the neighbourhood of a wire 
in any direction except parallel to it, a current will be induced 

* There are several ways in which this can he managed. The most obvious 
is to let the ends of the moving wire slide on two fixed rails (fig. 127) con- 
nected by a fixed cross wire — 




EaaU 
V| 

Pig. 127. 

Motion of wire. 
^t'Mt*' - - •»^ Current due to a marked magnetic pole, in front or under the 
iniluence of terrestrial magnetism. 

t Faraday, Exp. Res. 3«i79. vol. iii. p. 332. 




4 



suddenly 
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IC, for iiisUince, a magnet S N, fig. 123, be liftt^ 
\ and out of a coil of wire, a current will be induced 




wlucli will Ih. in one dtiettRn >ii iiiBerting the pole, and in 
the other on drawing it out If the magnet be reversed so 
as to use the otiitr pole, the current will be reversiHl. 

t Motion of Cdrhekt. 

If, instead of a steel magnet, a coil of wire carrying & 
current, as in fig. 129, be lilted in or out of the outer eoil. 




currents will be induced whose directions depend on the directlouB 
of motion of the inner coil and on the direction of current in 
it. The inner coil acta in all respects as its eiuivalent magnet 
would do. 

In both cases the current is stronger the more suddenly the 
magnet or coil is lifted in and out, and in the case of the 
moving wire (p. 276) it is stronger as the wire moves faster. 



37S 
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VAHIATIOy OP CuitRKNT. 

II, ill fig. 129, the smaller coil is left inside the larger, nnd the 
oiirrent in it madu to vary, then at eveiy increafie a current will 
I>e induced in onij direction in tbe outer coil, and at every de- 
creaee an equal current will be induced in the other direction, for 
varying a stationary current produces the eamo magnetic effect 
aR moving a stendy currpnt. 

If a core of metal be placed inside the inner coil, the eflect 011 
the outer one will Le increased.* If the core is of iron, tbe efft'tt 
will be very much increased. 

• See p. 283. 



CHAPTER XXm. 

the tklephose and uickophonb. 

Bell's Telephokb. 

The now wi-U-knnwD Bell Telephone is a beautiful application 
of the theory of electro-magnetic induction. Fig. 130 shows it in 
section, fig. 131 in perepeetive. It consists of a steel magnet S N, 




round one end of which is wound a coil of tine wire B. The 
magnet and coil are enclosed in a wooden tube M, one end of 
which, RV R, is of considerably greater diameter than the magnet. 

Across the wide end of the tube a diaphragm of thin sheet 
iron L L is fixe<l, which just does not touch the pole of the 
magnet. 

When the instrument is spoken to, the iron plate vibrates in 
time with the sound vibrations. 

Aa it moves it causes temporary alterations in the magnetism 
of the steel magnet, and these id turn induce periodic currents 
in the coil of wire. 

The induced currents are conveyed along the telegraph line 
C C, and received in a similar telephone at its other end. 
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^mjiorary ^^| 



They travel round the coil of wire in it, and 
chnnwcR in the magnetism of the steel magnet. 

Owing to these changwi, 
the force with which the 
iron plate is attract odvari«, 
and the latter is caiisud to J 
vihrate in time with tha 
vibrations of the plate i 
the Bending' instrument. 

The plate, as it vihnites^fl 
, seta the air in motion nW 
reproduces exactly not onlffl 
tlie Dote but the word 
p poll en itito the sending 
instrument. The voices ol 
dillerent speukei's can be \ 
recognized even at a di^l 
tanceofmany mites. De<J 
scriptions of various modt-1 
Ik-ntioiig of the inEtrument | 
will he found in works 
tclegrapliy." 

When a tlead^ battery ^ 
current is sent througb i 
telephone, no sound is pro- 
dnced, but every variation 
of the carrent causes a load 
noise. The instrument is 
whether a given current is conetant 

iEs Microphone. 




Flu- 131. 

sometimes used to deterniit 
or intermittent. 

The ilui 



When at any point in a circuit carrying a battery current there 
is an imperfect contact, any change in the goodness of the con- 
tact will produce a change in the current and cause a sound ID 
a telephone included in the circuit. 

Professor Hughes has discovered that, when the imperfect 
contact consists of two pieces of carbon lightly pressed together. 



• See Dq Motioel, Lt TH^pIioat 
(KncliBtU, Paris. 1S78). 
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Tariations m the current nre caused by the very smallest eoitml 
OCcarring ncur the csrbon. 

The microphone {fig. l32) consists of two o 




I ^ 






I>on ACB liffhtly pressed together. A ttlephone T and a 
battery P are included in circuit with it. 

The lowest whisper spoken near the microphone is loudly rc- 

!oduc«d in the telephone. 

To intensify the cilects, the microphone is usually placed on a 
rounding-hoard. The sound caused by u fly walking on the 
sounding-board is distinctly audihic at the telephone. 

The ticking of a watch sounds like blows of a hammer. 




r 
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CHAPTER XXIV. 

HXJGHBS' rOLTAIG IHDTfOTIOK BAIuUIGB« — PLAT9 XXIT. 

In the spring of 1879 Professor Hughes commanicated to the 
Physical Society* an account of a Foltaie Induction Balance, in- 
vented by him for the purpose of measuring the conductivity for 
instantaneous induced currents possessed by various substances, 
and " for the investigation of the molecular construction of metals 
and alloys/* 

When two coils of wire are placed near together, and a pulsating 
current is sent through the one, a certain current will be induced 
in the other every time that the current in the first coil alters. 

If a metal core be placed inside the coils, the induced current 
will produce an increased sound in a telephone in circuit, and, in 
general, the amount of increase will be greater as the quantity of 
metal and its conductivity increases. 

In the induction balance, Plate XXIV., there are two primary 
<'oils, a a, and two secondary, 6 h\ 

The same pulsating current is sent through the two coils, a a\ 
and the secondary coils are so connected to each other, that the 
induced currents in them are in opposite directions, and, when 
equal, exactly neutralize each other. 

The primary current in a a is produced by three Daniell cells, 
and its pulsations are caused by a microphone inserted in the 
circuit. The sounds which excite the microphone are produced 
by the ticking of a clock. 

The equality of the induced currents is tested by means of a 
telephone inserted in the joint circuit of b and b' , 

When the induced currents are equal, the telephone is silent, 
but the least inequality in them causes it to sound. 

If two exactly equal pieces of the same metal, such as two 
new shillings, are placed inside the coils a b, a b' respectively, no 
effect will be produced ; but if there is the least difference be- 

• FhiL Mag., July, 1879, ii. page 60. 
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tiween them — if, for instance, one of the shillings is a little worn 
— ^the telephone will sound loudly. 

In order to measure the differences of induction produced by 
different pieces of metal, the '^ sliding coil*'* shown at the top of 
Plate XXIV. is used. 

At each end of a divided bary^ coils c and e are fixed, round 
which the primary current travels in opposite directions. A 
third coil, d, can be slid along the bar, and is in circuit with i, 
one of the secondary coils. • 

When d is exactly midway between c and e, no effect is pro- 
duced on it, as their actions on it balance ; but when it is slid 
nearer to one or the other, a current is induced in it which either 
increases or diminishes the current in b according to the direction 
in which r/ has been moved. 

Tlie distance which // has to be moved from the centre to 
establish the balance, when equal and similar pieces of different 
metals are placed in a h and a H respectively, gives in arbitrary 
units of the instrument the ditfereuce bt^tween the instantaneous 
conductivities of those metals. 

The instrument is so sensitive that the insertion of '' a milli- 
gramme of copper or a fine iron wire, finer than a human hair,'' 
on one of the coils causes the telephone to sound loudly. 

The inventor states that he has alreadv, bv the aid of the in- 
strum^nt, studied "the effects on metals, of heat, magnetism, 
electricity, &c., and of mechanical changes such as strain, torsion, 
and pressure,'' and he proposes *' in some future paper to describe 
the remarkable results already obtained." 

Jlr. Chandler Roberts has shownf that by means of this instru- 
ment it is possible to test the fineness of alloys. 

A silver-gold alloy, containing only two grains of gold to the 
pound Troy of silver, can be clearly distinguished from pure 
silver by means of the balance. 

The instrumemt can be used to detect bad coins, as, if a good 
sovereign be placed in one coil and a bad one in the other, the 
telephone instantly sounds. 

The tones produced in the telephone are found to be different 
when different metals are used to disturb the equilibrium; thus iron 
gives "a dull smothered tone,hard steel an exceedingly sharp one." 

* Called by Prof. Hughes a ** Sonometer." 
t Thil, Ma J,, July, 1879, ii. page 67. 



CHAPTER XXV. 

itiisuiKMMST ot OMJixo-MJLatnaio nxDJscnxai. 
Wm stilted in Chapter XXII, that, " if a wire be moved in tin 
ncigrfabonrhood of a raagnetio pole, in any direction except along a 
line of force, a difference of potential will bepnxtacedatitaenda; 
whicb difference of potential can, under oertain circumstaneaaf 
produce a current." 

We know that the electro-motiire force will be increased if we 
move the wire more rapidly or increase the intensity of nag- 
netizafdon, 

Ijet us suppose that the lines of m^^etic force, in the r^OB 
through which the wire is to move, have been drawn, and let 
us express the intensity of the ma^etization, at any surface per- 
pendicular to the lines of force, by the number of them, which 
pass through a square centimetre of the surface. 

The fact that the intensity of magnetization of any surface 
was equal to unity would thus be expressed by drawing one line 
of force through each square centimetre of it. 

We now see that if a straight wire be moved, without revolu- 
tion, uniformly through the field, the difference of potential pro- 
duced at its ends will bear a congtant ratio to the number of lines 
of force cut in a second. 

For the number of lines in each square centimetre will be 
increased if we increase the magnetic forcej and if we increase 
the velocity of the wire, the number of centimetres passed over 
in a second will be increased. By suitably choosing our nnite 
(as has been done in the C.G.S. system), we can make this con- 
stant ratio one of equality; and we may state the following 
proposition : — 

//■ a alrai^ht wire he moved ttnifoTmli/ in a magnetic Jteld, 
a difference of potential will be produced at its ends, ir&icA will 
be nninerical/^ and algebraically equal to the number of Unet 
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of force cut in a second, it being remembered that lines of force 
etU in one direction are counted ( + ), and the same lines, if cut 
by a motion in the opposite direction, are counted ( — ). 

If the wire be not straight, the difference of potential at its 
ends will be the same as that at the ends of a straight wire whose 
ends coincide with the ends of the bent wire. 

Corollary, — No current will be produced in a wire forming a 
closed circuit which moves parallel to itself, if the field is uniform 
over the whole extent of the circuit. 

If the wire be not moving uniformly, but with variable velocity, 
the difference of potential at its ends at any instant will be equal 
to the number of lines which it would have cut if it had gone on 
moving uniformly for one second with the velocity that it had at 
that instant in a field whose intensity continued equal to that of 
the actual field at the instant under consideration. 

Certain cases of rotatory motion will be considered later on. 

If the wire be moving in a direction perpendicular to the lines 
of force, it will cut more of them in moving a given distance, 
than if it moved in any direction more nearly parallel to them ; 
and if it is moving along them, it will cut none of them, and no 
difference of potential will be produced.* 

If the ends of the wire be connected by another wire, which is 
not in motion, as, for instance, if the wire slides on two fixed 
rails connected at one end, a current will flow through the 
system. 

* The ratio of the differences of potential produced when the wire is moving 
in any plane, to that produced when it is moving in a plane perpendicular to 
the lines of force, is expressed by the cosine of the angle between the planes. 
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CHAPTKE XXVI 

BSinSH ASSOOUTIOK TTKIT OV BB8I8TAHC1. 

Wi have stated a relation between the motion of a wire in the 
eleetro-magnetio field, and the electro-mptive force between its 
ends. 

He carrent in the wire is, as we know, the electro-motiye force 
divided by the resistance. 

The absolute electro-magnetic unit of resistance is the resistance 
which satisfies Ohm's law when the electro-motive force is equal to 
the current^ both being expressed in dectro-magnetio measure; 
for we see that in the equation 

E = C r, 

making C=E involves the condition rs=l. 

If a wire whose ends are connected by a wire at rest and with- 
out resistance be moving in a magnetic fields so that the number 
of lines of force cut by it in a second is equal to the current pro- 
duced in it, the resistance of that wire must be unity. If the 
current be measured by the deflection of a needle in the same 
magnetic field, it becomes unnecessary to know the intensity of 
magnetization in the determination of the equality of the poten- 
tial and the current, as we shall show that this, being a factor on 
both sides of the equation, is cancelled out. In actual determi- 
nations, the eai*th's magnetism supplies a field whose intensity 
is uniform over a sufficiently large region. 

Bails and Slider. 

Let us now return to our system of rails (page 276). The 
method we are about to describe cannot be carried out, but it is 
introduced for illustration, and ^ modification of it is used experi- 
mentally. 

Let us consider the fixed connecting bar to be curved into an 
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BTO of acirc1c(tig. 133), andlettheniilsbeonecentim. apart, anil 
be in the sime vertical plane. 



\ 



Fig. IM, 

To simplify calcalation, let this plane he magnetic £. and W. 

Let now a straight vertical wire, whose resistance can be varied, 
move along the rails at the rate of one centim. per second, viz. 
with nnit velocity. 

Let the arc and the rails be supposed to have no resistance. 

At the centre of the arc, which, for simplicity, we will suppose 
to be a half circle, whose plane is at right angles to the plane of 
the roils — that is, vertical and magnetic N, and S, — let a small 
needle be suspended. The arc and needle will then form a tangent 
galvanometer, only, as it has only half a ring, its equation will lie 
C = H Ian S ^ (1) 

as2 a = 1 centim. 



C = H tan a ^ (2) 

As the lenf^th of the slider is unity, the number of lines it cut-s 
per second will be equal to its velocity multiplied by the earth's 
horizontal magnetic force. 
"When the slider moves, a difference of potential is then pro- 
d at its ends which is equal to 

Earth ■» Horiwintal foree x velocity of slidw. 
The only resistance in circuit is the resistance of the slider. 
The strength of the current produced is then, by Ohm's law 
equal to ^^ Eartli'a HorizonUl force v gplocity of glider 

iteiiiataDce ot' slider 

I This tends to deflect the needle with a certain force. Tlie 

rth's magnetic force pulls it back, and the moments of 

these two opposing couples vary with the angle of deflection. 

When the needle is at rest, the couples are equal. 

When the needle is at rest at 45°, tan S = 1, and the equation 
(2) becomes 

C = 3^K (3) 

{Mice we have, — 
When the needle is at 45°, — 
Earth ■« Horiioiital force = 2 n current. 
lat is 



■ Whe 

"^ Thr 
The. 
equal 

■ Thl 
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iliirtli'ii HurizontAl 1 



DTital fnrcp X velocity of Jidgr,r| 



Divide both siJes of this equation liy earth's horizontal force and 1 
, a vi-locity of ulidfr 



Multiply both sides by resistance of slider and we have 
Ri'sistance of atlder ^ 2 ir velocity of alidsr. 

We sec that this result is independent of the intensity of the 
eartli's force. 

'Ihe unit of resistance it Hen tie resistance of Hat wire vhick. 
if used as a slider to connect the tmo rails above mentioned, would 
allow a velocity of tie slider of--- centime, per second to defect »■ 

needle at the centre of lie hairing 40". 

This is the absolute electro-magnetic unit. It is, however, of 
inconveniently small dimensions; and therefore the B.A. unit 
or " Ohm" is defined as being equal to 10' (a thousand million) 
absolute electro- magnetic units. 

A mile of pure copper wire No. It) gauge has a resistance ol' 
about 13.7 B.A.U. 

Pkactic&l Mbtbods. 

We will now examine the methoda by which the unit is pra( 
tically determined. 

It is obvious that the arrangement with the rails and slid* 
cannot be carried out. We must examine in what way we ci 
modify it, so as to make it experimentally possible. 

The first necessity is to substitute circular for rectilinear 
tion, BO as to keep the apparatus in one place during the operatio] 
The next is to dispense with the rails and connecting bar. Wj 
must remember that if our slider had a resistance gf only 
B.A, unit, we should, to get a deflection of 45°, require a veh 
city of- — thousand million eentims., or nearly 101)0 mih 

per second. 

Revolving Semicikcle. 
If we place a semicircular wire, pivoted at A and B {fig. I31]J 
with its diameter veitical and its plane coinciding with &a equi 
potential surface of horizontal magnetic force, i. e. magnetic eaiii' 
and west, and cause it to turn halt' round on its diameter ia oiifi 
second, GO that at the end of the second it is in the position 
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shown by the dotted lines, it will have described a hemisphere, 
and the projection of this hemi- 
sphere on a plane perpendicular 
to the lines of force (the plane 
of the paper) will be the circle 
ACBC. 

The number of lines of force 
cut during the first second is 
then the number which pass 
through this circle. 

If now the motion is con- 
tinued in the same direction of 
revolution, the other hemisphere 
^vill be described in the second 
second. The number of lines of 
force cut will be the same as before ; but as, during the first 
second, the wire was moving from E. to W., and during the 
second from W. to E. (fig. L'i5), the electro- motive force will. 




Fi£r. 131. Elevation. 
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Fig. 136. Flan. 

though numerically the same, be algebraically opposite ; and if 
the first velocity be called + , the second will be — . 

Thus, in the first half of the \ 

revolution, a current is induced 
downwards* in the wire, while, in 
the second half, an equal current is 
induced in the opposite direction — 
that is, upwards. By suspending ^| 
a small needle at its centre, we 
cause this revolving ring to be- 
come its own galvanometer. At 
the same time, as the current re- 
verses, the position of the wire 
with regard to a magnet sus- 

• See vol. L p. 276. 
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pended at its centre reverses also, so the current will always 
tfnd to deflect the magnet in the Earae direction. 

For, li't A B (fig;. 136) be a vertital section oC an ordiasry 
tangent galvanometer, and let us consider separately two Bemi- 
circles eejiaratcd by a vertical diameter. The current at A is tbtn 
upwards, that at B downwards; and they both tend to deflect the 
needle in the same direction, and the two halves of the fixed ring 
are in precisely the same state as the revolving semicircle in its 
two positions. 

Revolving Ring. 

Wc have hitherto supposed the carrent of the semicircle to 
complete its circuit by way of the supports. This, however, is 
not necessary ; for if we make the revolving wire & complete 
cii'cle, each half completes the circuit for the other, and we ^t 
double the efTect on the needle. In order to still further increase 
the effect on the needle, the simple ring is, in actual meusure- 
mente, replaced by a coil oE n large and known number o£ turns. 
Such was the apparatus used in the determination of the abso- 
lute unit of resistance by the Committee of the British Abso- 
ciation appointed to report on Electrical Standards in IH31. 

Report of tub Cohuittre. 

The following members of the Committee, appointed by the 
British Association, presented, in 18ti3, a description of an 
"Experimental Measurement of Electrical Resistance made at 
King's College, London,"" from which the following pages are 
extracted : — 

Members of the Committee: — Professor J, Clerk Maxwell, 
Messrs. Balfour Stuart and Fleming Jenkin. 

The description of the apparatus which is quoted is by Mr. 
Fleming Jenkio. 

The experiments were made in June, 1863. We must pre- 
mise that when the ring revolves with uniform velocity, the de- 
flection is perfectly steady; for though the force exercised on the 
needle is different at diDerent points of revolution, yet, the varia- 
tions being periodic, and having a very small period (for the 
velocity of revolution is great), the force on the needle is alnaya 
sensibly equal to the mean force. 

• Seporlt on Electrical Slandardi, p. 97. Edited hy_ Pi^of. Fleeminjr 
Jenkin, F.R.S. (SpoD, 1873). 
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The second portion of the Report describes the tnethoda oF 
coBstructin^ resistaDce coils equal to the revolving coil. The 
following is the 

"Descuiftios of the Appabatcs:" — 
Plate XXV. 

" For convenience of description, the apparatus with which the 
experiments were made may be divided into five parts ; — (1 ), the 
driving gear; (2), the revolving coil; (3), the governor; (4), the 
scale, with its telescope, by which the deflections of the magnet 
were observed ; (5), the electric balance by which the resistance 
of the copper coil was compared with a Gennan-ailver arbitrary 
standard. 

" Ifiie general arrangement of the first four parts is shown in 
PUteXXV. 

The Bkiviko Geah. 

" The dnving gear {fig. 4) cunsisted of a leaden fly-wheel X, on a 
shaft A turned by hand, and communicating its motion by a band, 
fi i, i, ,..., arranged in a way equivalent to Huyghena' gear- 
ing, to a shaft B, a pulley on which drove the revolving coil by 
a simple band a o, flj. The arrangement of the band i i, i, ...com- 
municating the motion of the shaft A to the shaft B may he easily 
understood from the diagram. C C are two guide pulleys running 
loose on pins attached to the main framing. D D are two loose 
pulleys maintained at a constant distance by the strut £, to which 
the weight W is hung. 

" When the rotation of the shaft B is opposed by a sufficient re- 
sistance, the effect of turning the fly-wheel in the direction shown 
by the arrow is to lift the weight W from the ground, tending 
to turn the shaft B with a definite force, which will be sensibly 
constant eo long as the weight is kept ofl'the ground, and the 
band £ £, d, . , , is kept unaltered in length. Wherever, as in the 
present experiments, the resistance increases with the speed of 
rotation, the speed of the driving-wheel can easily be regulated 
by band, so as to keep the weight from fulling so low as to touch 
the ground, or rising eo high as to foul the gear; and thus, with 
a little care, a constant di-iving force can be applied to the 
shaft B, and to the machinery connected with it." 
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The E.EVOLMNO Coil. 

"Tho revolving coil' forDH.-iI tlie most important part of llie 
apparatus. It is shown otto-fifLli full size \a ligs. 1 and 2, 
Plate XXV. 

"A strong brs^s frame HH was bolted down by three bi 
bolts, P P P, dowelled into a heavy stone. It could be accuratelj 
levelled by three stout screws, G G G. 

" The brass rings, 1 1, on which the insulated copper wire wa» 
coiled, were supported on the frame by a pivot, J, working in 
lignum vitae, and by a hollow bearing, K{fig. I}, working in braaa : 
this bearing worked in a kindof stuffing-box, i (figs. 2, 3), which,, 
by three screws and a Hat spring washer between it and the frai 
at J, could be adjusted to fit the collar e with great nicety, pre«J 
venting all tendency to bind or shake. Supported in this wajj 
the coil revolved with the utmost freedom and steadine 

" The coil of topper wire was necessarily divided into two pai 
on the two rings, 1 1, to permit the auspensiou of the magnet S, 

"The two brass rings were each formed of two distinct halvi 
insulated from one another by vulcanite at the flanges _//". Thii 
insulation was necessary to prevent the induction of currents 
the hrasB rings. 

"These rings, after being bolted together, were turned wii 
great accuracy by Messrs. Elliott Brothers, The insulal 
copper wire was wound in one direction on both rings ; theinni 
end of the second was soldered to the outer end of the first 
two extreme ends of the conductor thus formed were soldered to 
two copper terminals, hh' , insulated by a vulcanite piece, x, bolted 
to the brass rings. Each terminal was provided with a strong 
copper-binding screw, and had a mercury-cup drilled into its 
upper surface. The two coils could be joined so as to form 
closed circuit, by a short copper bar between the binding screwB.- 
The bars, binding screws, and nuts were amalgamated to ensure 
perfect contact. When the copper coils were to be connected 
with the electric balance, the short copper bar was removed, and 
the required connections were made by short copper rods \ inch 
in diameter, dipping at one end into the mercury-cup on the ter- 
minals, hU, and at the other end info the mercury-cups of tba 
tdectrio balance. 

• Now deposited in the CnTendisli Laboratory, Cambridge. 
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"The absence of allinduced currents iaBuenciiig tbe suspended 
■net, when the circuit was broken at hk'^ was repeatedly proved 
by experiment. 

*' Rotation was communicated to the coils by a catgut band, 
simply making half a turn round the small V-pulley /. The 
band conld be tightened as required by the jockey pulley t and 
weight w (6g, 4). 

" A second V-pulIeyj r, served for the baud cc, com mimiea ting 
^■notion to the governor by which the speed was controlled." 



The CoDSTEa. 
*, of large diameter, gearing into a spur-wheel 



^H "A short s< 

^^^pf 100 teeth, o, formed the counter from which the speed of rota- 
^^Rdoa was obtained, as follows : — A pin, p, on the wheel, 0, lifted 
the spring, q, as it passed ; this spring, in its rebound, struck the 
gong, M. The blow was of course repeated at every 100 revolu- 
tions, and the time T of each blow was observed on a chronometer. 
I ^e arrangement was equally adapted for rotation in either 
i^irection. 

The StspENDED Magnet. 

"The manner in which thesuspendedmagnet was introduced to 

le centre of the coil is best seen in fig. 3, A brass tripod N, 

Ited to the main frame, supported the long brass tube 0, which 

freely through the hollow bearing at k. A cylindrical 

rooden bos, F, slipped on to the lower end of the tube O. 

"The magnet hung inside this box, the lower part of which 

could be removed, to allow the exact position of the magnet to be 

verified. The support N also carried a short brass tube B, on 

which the glass case T could be secured by a little sliding tube. 

^31e mirror i, attached to the magnet S by a rigid braes wire, 

ing inside this glass case by a single cocoon fibre about seven 

it long. This fibre was protected against currents of air by a 

rooden case (not shown in the plate), extending from the point 

Bopport down to the glass case. A little sliding paper prolon- 

ition of the wooden case made it nearly wind-proof, by fitting 

the bottom against the main brass frame. An opening in the 

allowed the mirror to be seen. The fibre at the top was 

ipended from a torsion-head, by which it could be turned ; it 

Id also be raised and lowered by a email barrel, and was adjust- 

lie in a horizontal plane by three set screws. The care taken 
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in suspending the magnet, and in protecting it both n^nst cur- 
rents of air and vibration, was repaid by success, for the ima^ of 
the scale reflected in the magnet was as clear and steady when 
the eoil was making 400 revolutions per minute as ivhen it wus 
at rest. The governor used was lent by one of the committee, and 
generally controlled the speed to euch uniformity as allotted the . 
deflections to be observed with as much accuracy as the ztirog 
point." 

The Scale and Telescope. 
" The scale ■ and telescope hardly require special description— 
they were arranged in tlie usual manner for this kind of experirl 
mcnt at about S metres from the mirror. The scale was i 
engine-divided paper scale nailed to a wooden bar. This plan I 
will in future experiments be abandoned, aa variations in the | 
weather had a very perceptible influence on the scale." 

The Electric Balance. 

"The annexed diagram (fig. 136) shows the electric balance 

by which the resistatice of the revolving coil II, Plate XXVJ 

R, fig. 136, was compared with that of im arbitrary German silve 




Fig.lSS. 

standard S, before and after each rotation experiment. 
arrangement is a modification of the ordinary Whcatstone'i I 
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balance.* A and C represent the brandies of tlie Lulance, S "the 

P^Gcnnitn silver standard, and K the copper coil to be meosured-t 

JJ,, HH„ MM,, and LL„ are four stout copper bars with mercury 

Clips ffl fli a, — b i, i, — c c* and d 1^. Two short copper rods, 

F and Fi, can be used to connect a with b, and c with d. When 

this is done, the arrangement is exactly that of the Wheatstone 

I balance, p. 24S, with keys at K and K'. A and C were coils 

[ formed of about 300 inches of No. 31 J German silver wire, and 

were adjusted to equality with extreme nicety, and each assumed 

equal to 100 arbitrary units.' 

" If R on any occasion had been exactly equal to S, the galra- 
Domer G' would have been unaffected on depressing the keys 
K K' when a was joined to b and c to d by F and F*, rods of no 
sensible resistance. 

" This exact equality between R and S could never be obtained, 
owing to slight changes in temperature which affected the two 
coils very differently. The object of the modifications introduced 
was to allow the ratio between S and K differing by a small 
Binount only, to be measured with great accuracy. 

" For this purpose a number of German silver coils were ad- 
justed representing l.S .4.8...51£in the arbitrary units equal 
to the hundredth part of A or C. These coils were so arranged 
that any one of them could be introduced between the bars 
HH, and JJ,. 

" A single coil, equal to 1 in the same arbitrary unit, could be 
introduced between he bars LL, and MM,. In this diagram 
this coil is shown, its position, and the rod F* withdrawn. 
Similarly F is wit' ,.awn from between H and J', and the coil 
1 joins a and b in the bars HH, and JJ,. If no othercoils were 
placed between HH, and JJj the arms of the balance would now 
be 101 and 101 respectively instead of 100 and 100; but the 
ratio would still be that of equality. Let us now suppose that, 
K when the circuit with the battery is completed, the galvanometer 

• Vol. i. p. 247. 

t Tu compare with Gg. 99 ve have 

In fig. IM. In flfr. iV. 



% Diuneter = OOl inch. 
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by its deflection shows that R is bigger than S, we can reduce 
tlie resistance of llie arm between D and Y by various ema]] 
graduated and definite amounts, by introducing the coils 2, 4, 8, 
&c., between HH, and J J,. Let us lirst suppose tbe coil 2 in- 
tioduced. The resistance between H and J will be the reciprocal 
of 1.5, or 0.6667; for where various resistances are added i 
multiple are, the resistance" of the compound arc is the n 
procal of the sam of their conducting powers, and the conductipj 
power of a wire is the reciprocal of its resistance. The ratffl 
between the two arms will now l>e 101 : 100.6667. Let us su|q 
pose that on completing the circuit the galvanometer still dcf 
in the same direction as before, the arm between D and Y i 
be still further reduced by including fresh coils between HH, 
and JJ,. It is very easy by trial to find the combination which 
maintains the galvanometer at zero when the circuit is completo 
Let us suppose tliat, as in the diagram, the coils inclw 
were 1, 2, 4, 8, and 64. The reciprocals of these numbCTB a 
1,0.5,0.25, 0.125, and 0.015625. The conducting power betwM 
H and J is therefore 1.8911625, the sum of these numbers. 
resistance between H and J is 0.52!i93, the reciprocal of the li 
number, and the ratio between the arms will be 101 : 100.52893." 
A little consideration will show that with the coils named any 
ratio between 101 to 100.6 and 101 to 101 can be obtained by 
steps not exceeding 0.00195, the reciprocal of 5l!?-, the lai 
coil or smallest conducting power which can be included betWM 
the copper bars HH, and J J,. By substituting the rod F, for tl 
coil I between LL, and MM,, the observer cau obtain a fresh 
series of ratios with thesame steps between 101 to 100 and 100.5 
to 100. In this way it will be seen that unless the coils S and 
S differ by more than one per cent., their ratio can be u 
in the manner described within 0.002 per cent. 

" It should further be observed that extreme accuracy ill 1 
coils Ij 2, 4, &c., is not necessary, since an error of one per C 
in the sum of these, as compared with their true relative valne % 
the coil C, would only affect tbe final result 0.01 per c 

" The position of B and S in the balance relatively to A a 
0, fcc, is, of course, interchangeable. 

" The diagram is not intended at all to represent the praotUal 
arrangement, but simply to show the connections. The e 
• Vol. i. p. 262. 
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1, 2, 4, ike, had amalgamated copper terminals, which simply 
dropped into mercury cups on the copper bars ; the observations 
could be made very rapidly and accurately, as the galvanometer 
was sensitive enoag;b with four Dauiell's cells to indicate the ad<li- 
tion or subtrnction of the 512 coil with perfect diEtinctness. 

"The reduction of the observations to find the ratio seems 
somewhat complicated at first, but with the aid of a table of 
reciprocals it takes but little time. No improvement seems 
necessary in this part of the apparatus. The idea of using laige 
coils combined with Bmall ones in multiple arc, to obtain ex- 
tremely minute differences of resistance, was suggested by 
Professor [now Sir] W. Thomson, and will be found naeful iu 
■very many ways," 

The Contact Key. 

" In all bridge eiperiments it is necessary to make contact 
in the battery circuit, before making it in tlie galvanometer 
circuit, and thus to avoid the extra current* produced imme- 
diately on making contact. It is also important that the battery 
current should not flow longer than necessary, as by heating 
the coils it alters their resistance. The key here shown (Gg. 137) 




ifl contrived to make the battery conlact just before the gnlva- 
nometer contact, and to break it just after. The upper springs, 
1, 2, give the battery contact, the Jower, 3, 4, that of the gal- 
vanometer. The drawing now explains itself.f 

Details, 
" The following are some of the details of the experiments 
made at King's College, June, 1863 rj— 
», the number of windings was 307 ; 
/, the effective length of wire 3020(i3 metres; 
D, the distance from the mirror to the scale 2'9S53 metres. 
" See Tol. i. p. 309. 

t For the mathematiral theorj of the cxperiniflnti, see Scporlton Electrical 
Standard*, p. 101. 

J Stporli on Eleelrical Standardi, p. 104. 
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"Deteilmination oif Deviation, 



"S is the difference between the reading; of the scale wheo 
the magnet is acted on by the earth only, and when it is acted on 
also by the induced currents in the coil. To determine S the reading 
of the scale is made when the coil is at rest, or when the circuit i* 
broken. Another reading is taken with the connection complete 
and the coil in motion. If the direction of tlie earth's magnetism 
remains the same, the difTerence of these readings is the true 
value of 8 ; but since the direction of the earth's magnetic 
action is continaally varying, we must find the dilference of 
(ieclhui/ion between the times of the true readings, and calculate 
what would have been the undisturbed reading of the scale at the 
time when the deviation was observed. In these experiments this 
correction was made by comparison witU the photographic ; 
registers of magnetic declination made at Kcw, at the same time 
that the coil experimenta were going on."* 

Corrections. 

Corrections were made for — A, the dimensions of the sections j 
of the coil ! B, for level. 

Ill the actual experiments the level was taken with a spirits 
level, reading to 12", and found correct to at least that degree o 
accuracy. 

C. Correction for the induction of the suspended magnet 
on the coil. The strength of the magnetj as compared with 
that of the magnetic field, was measured by means of aj 
magnetometer from Kew by the ordinary method. t ■ 

D. Correction for torsion of fibre. J " This correction depends OB^ 
the relation between the stiffness of the fibre and the directive force 
of the suspended magnet. The fibre was a single fibre of silk, 7 
feet long; the magnet was a eteel sphere -^ inch diameter, and not 
magnetized to saturation. The correction for torsion was there- 
fore much larger than if a stronger magnet had been used."§ 

" E. Correction for position of suspended magnet." 
F, Correction for irregularity in the magnetic field due toj 
iron or magnets near the instrument. 



t Ibid., p. 168. 
J Ibid., p. 174. 
g SeporU on Electrical Slandardi, p. 105. 
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It was found that this correction was so small that it could he 
neglected. 

G. Correction Tor scale rending. 

The scale is supposed to be divided into millims; if, however, 
it Btretched or shrank, it would no longer be accurate. The error 
being measured, correction G is applied. 

H. Correction for electro-magnetic capacity of coil. 
FcRTHER Details. 

Tile account of experiments continues :* — 

"The nature of the electrical action in the experiment may 
be stated as follows : — 

" Suppose the plane of the coil to coincide with the magnetic 
north and south, and that the coil is revolving in the direction 
of the hands of a watch. Then the north side of the coil is 
moving from west to east, and therefore experiences an electro- 
motive force tending to produce an upward cnrrent.f The south 
side of the coil is moving from east to west, and therefore there 
IB a tendency to produce a downward current in it. If the 
circuit is closed, there will be a current upwards on the north 
side and downwards on the south side round the coil. 

" Now, this current will ti;nd to turn the north end of the 
suspended magnet towards the east; but the earth's magnetic 
force tends to turn it towards the north; so that the actual 
position assumed by the magnet must depend on the relation 
between the strength of the current and the slrcngth of the 
earth's magnetism. But the strength of the current depends 
only on the velocity of rotation, the resistance of the coil, and 
the strength of the earth's magnetism. Hence the position of 
the magnet will not depend on the strength of the earth's 
magnetism, but only on the velocity and the resistance of the 
coil. 

" We must remember that the coil in its revolution comes into 
other positions than that which we have mentioned. As the 
north side moves towards the east, the current continually 
diminishes fill it ceases when it is due east. The current then 
commences in the opposite direction with respect to the coil; 
but since Uie coil itself is now in a reversed position, the effect 
of the current on the suspended magnet is still to turn the north 
• Report* on Eleclrieal Standardt, p, 106. 
t Compare vol. i. p. 288, " Revolting Bemi-oircle," 
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end to the east. Tbe action of the current on tlie magnet ii^ 
therefore, of iin intermittent nature, and the position of t 
magnet is not fixed, but continnally oscillating. The extent of* 
these oscillationa, however, is exceedingly small, 

" The whole extent of the vibration would be less tlian -|-^ of 
a millim. on the scale. i 

■' This vibration was never observed, and did not interfere wit^fl 
ihe distinctness of vision. \ 

" The only OBcillations observed were the free oscillations oE 
the magnet. They arose from accidental causes at tbe beginning 
of the experiment, and were subject to slight alterations Id 
magnitude duo to speed of rotation, tbe passage of iron steamers 
in the Thames, &c.* 

"The time of one vibration was about fl.6 seconds, and by 
reading the scale at tlie extremities of every vibration a series of 
readings was obtained. The intervals between each were approxi- 
mately equal. All we have to do is to observe the deviation at 
every oscillation, and to ascertain the whole number of revolu- 
tions dnring tbe time of observation, and the exact beg^tmin^ , 
and ending of that time. This was done in the following way : — ! 
Method of Working. 

"The coil was maile to revolve by means of the drivin^f 
machine, and its velocity was regulated by the governor. Wbila \ 
the required velocity was being attained, tbe oscillatiouB of the 
magnet were reduced within convenient limits by means of a j 
quieting bar at a distance. The quieting bar was then put la J 
its pro[)er place, and the observation commenced. f 

" One observer. A, took the readings of the scale as seen in the ■ 
telescope, writing down the deviation at the extremity of every \ 
oscillation, and thus obtaining a reading every 9,6 seconds. 

" Another observer, B, with a chronometer, wrote down the i 
times of every third stroke of the bell. The times thus found 
were at intervals of 300 revolutions. When the observer B 
noted the time, the observer A made a mark on his paper, so 
that after the experiment the readings of deviation could be 
compared with the readings of the chronometer taken at the 
same time. 



• These eipprimenta n 
when King's Ciillfge was 
t Vol. i, p. 180. 
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" The mean time of revolution between any two times of 
observation could thus be found and compared with the mean 
deviation between the same limits of time, and any portion of 
an experiment accidentally vitiated could be rejected by itself. 

" The experiments of each day commenced with a comparison, 
by means of an electric balance, between the resistance of the 
experimental (revolving) coil and that of a German silver coil 
(called Time 4). Then a series of readings of the scale was 
taken, to determine the undisturbed position of the magnet. 
The times of beginning and ending this series were noted, and 
called times of 1st Zero. 

" Then the coil was made to revolve, and readings of deviation 
and of time were taken, as already described, and called 1st Spin -^. 

" Then the direction of rotation was reversed, and a second set 
of readings obtained, and called 2nd Spin — . 

" Then the undisturbed position was again observed, with a 
note of the time. This last was called 2nd Zero. 

" Lastly, the resistance was compared again with the standard 
coil. This series of experiments was then repeated, if there was 
time. 

" From the values of 1st and 2nd Zero, together with the 
information obtained from the phot(»graphic resisters at Kew, 
the true value of the undisturbed reading during the 1st and 
2nd spin was obtained. The difference betwe«m this and the 
actual reading is the deviation £, due to the electric currents. 

Result. 

From these experiments, by a mathematical calculation, the 
resistances of the arbitrary German silver coils were determined 
in absolute measure. The absolute resistance of any one of them 
being known, coils of given resistances can be constructed by the 
ordinary methods. The absolute resistance of the German silver 
coil marked " June 4, 101'' [arbitrary units] was found to be 
107620116 metres per second. 

IsstE OP B.A. Units. 

This determination being completed, the Committee procee<led 
to construct material copies, each having a resistance equal lo 
one thousand million centimetres i^^er second, that is — 

10» C.G.S. unit8. 
21 
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This larger unit is called sometimes the " British Association^fl 
unit," written "B.A.U.;" Bometimes the "Ohm," after tltT 
discoverer of the law of electrical resistance. 

Metals amd Alloys Selected. 

Aa important qaestion arose as to what was the best material! 
bf which to manufacture the coils. 

The following is the answer to it by the Committee* taken I 
from Appendix A, by Dr. A. Matthiessen, F.R.S., and Mr. Ch, | 
Hockin, to the report of 1806 :— 

" Several unit-eoils have been made niid issued. 

" We propose to state the method by which these coils wer» | 
made, and the reasons for choosing the particular alloy which has 1 
been adopted for the conductor. 

"Tlie alloy referred to is composed of 06 per cent, of silvn 
and S3 of platinum, 

" This alloy possesses many properties which fit it for the t 
to which it has been put. 

" As to its electrical properties :— 

" I. It altera Icbb in electrical resiatance with changes of tern- | 
perature than any other known alloy. 

"The importance of this point needs hardly to be enforced \ 
on any one who has used resistance coils. 

" The increment in the resistance of the alloy, due to a change I 
of temperature from 0° to 100° C, is only 3.2 per cent. 

" II. The conducting power of the alloy is very low, and i 
about one-half that of German silver. 

"Ill, The conducting power of the alloy is not altered bjr J 
baking, i. e. by exposing it to a temperature of about 100" C. for 1 
several days. 

" This is a property of great importance, for it has been ob- , 
served that those conductors which do not alter by baking do not 1 
by age either. The experiments by which this has been established ii 
have been published in former reports. 

" IV. The conducting power of a wire of the alloy is littlffj 
altered by annealing. Further, the alloy does not oxidize bv-l 
exposure to the air ; it does not readily alloy with mercury ; 
makes a sufficiently pliable wire, and can be drawn to a very greaS 
degree of fineness. Of this alloy twenty unit-coils have beeq 
• Seporlt on Electrical Standarilt, p. 135. 
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made and sent to eeveral leading elect nci ins at home and abroad. 

The form of bobbin adopted for putting up the wire (shown 
Bio Plate XXIII.) has been fnund very convenient, as it fun 
Hte immersed in walt-r during an observation. The wire is twice 
Bgoftted with eilk, and protected by being imbedded iu solid 
Knraffin. 

■ " Besides the eoils alrwiHy mentioned, ten unit-coils have been 
fcude, which will be deposited at the Kew Observatory. 

■ " Any one possessing a copy of the B.A.U. may have it com- 
MBred at any future time against one of these coils for a smalt 
Bay men t. 

■ " Of the coils to be sent to Kew two are of the platinum-silver 
ndloy, two nt' a platinum-iridium a1li-y, and two of cuniniercially 
B^are platinum. 

■ " Two mercury units have also been prepared. 

B "With 80 many coils for reference, made of such diflerent 
Hnetiils, it appears quite improbable that the unit now proposed 
Hlbonld be lost. 

H " Alon;; with the above-mentioned coils will be preserved the 
Htandard colt used in the exjieriments lii-st referred to, the ooil 
Kwed in the simitar experiments made by the Committee in IS63, 
Bmd several copies of thesn coils, 

■ "Of the coil culled 'June i,' in the Report for 1863, two 
Vuerman-Eilver copies have been made. Of the other coil used in 
^9864 two German silver, two gold-silver, and one platinum-silver 
Riopy have been made." 

I Standard Completed and Defositbd at Kew. 

H " These coils have twice been re-compared together at intervals 
Ktf three months, and will be again compared ; and if they ore still 
Hbund not to have altered they will he deposited at the Kew 
^Observatory for reference, their values being engraved on them, 
H All the coils to be issued are re-compared some weeks after they 
Hire made, and rej.cted if they are found to have altered in resis- 
■Isnce O'Ol per cent. 

■ " All the roils i-t nt out are correct ut llie temperature written 
mtfH them to tciVJ'rr Dill per cent., and this temperature lies between 
^p4'B° and IG'o" C. in all cases." 

B For ordinary work the units are made of German silver, as it 
HI nearly equal to the platinum alloy and very much cheaper. 
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CHAFTER XXVir. 

UVTUMm ACnOK OF CUlKUMtS OK BACH OTUIE AMD BRWSBH 

OUEBXSTS AND X4GKKI8. 

Ws haire stated that if two wires carrying correats he freely 
saspended^ a force will be obeerved between tiiem wliiok will be 
attractive if tbe currents are in the same direction — repnlaive 
if they are in opposite directions. 

Wires being suspended so that they can turn aiid move with* 
out much friction, and without stopping the battety currently the 
actions are observed. 

Experiment has shown that the action of a small plane circuit 
is the same^ at distances which are great, in comparison wiih the 
diameter of the circuit, as that of a small magnet inside it having 
its pole in the position that, if previously magnetized, it would 
take up under the influence of the current, and having a magnetic 
moment equal to the product of the strength of the current into 
its small area. 

Thus, any very small plane circuit may be considered as equi- 
valent to a magnetic shell bounded by the wire, and whose mag- 
netic intensity is equal to the strength of the current. The 
marked side of the shell is on the side to which the marked end 
of a magnet placed inside would turn. 

The following demonstration is due to Professor Max- 
well :* — 

The magnetic action of any closed circuit whatever is the same 
as that of a magnetic shell bounded by the wire, and of a strength 
equal to the strength of the current. 

First, suppose the area bounded by the wire to be entirely filled 
up with very small circular currents (fig. 138) — that is, small rings 
put as close together as possible, then smaller ones in the spaces 

• Electricity f 483, vol. ii, p. 131. 
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left between them, then smaller ones in tlie residual gaps, and so 
on till the whole Burfuce is covered ; and let a 
current of the same intensity, and in the same 
direction as the miiin current run round each; 
then each is equivalent to a magnetic shell of 
its own area and nf the same strength us the cur- 
rent; and all these shells added together make one 
shell of the same strength as the current, and 
whose area is equal to that of the original circuit. 

But the magnetic effect of this system of cir- 
cuits )9 equal to that of the original circuit, for 
" the magnetic effect of two equal and opposite 
currents Howiug close together is absolutely Fig. las. 

zero." Now every current in these rings, except those in the 
outside iKirtion of the outside rings, has another equal and 
opposite current flowing close to it, and therefore the magnetic 
effect of the whole system becomes that of a current of the same 
strength as the original current, and whose shape can, by in- 
creasing the number and diminishing the size of the imaginary 
rings, be made to dilfer from tiiat of the original current by as 
small a quantity as we ]>lcase. 

And, as things which arc equal to the same thing are equal to 
one another, we have shown that any current forming a closed 
circuit is equivalent to a magnetic shell of the same strength, and 
whose edges coincide with the wire. 

We stated in Part II.* that the magnetic action of a magnetic 
shell on any point outside it depends only on its 8tren«tli and the 
solid angle subtended by its bounding edge, and therefore not on 
the shape of the shell ; and we now sec that this is the case 
if we consider the efjuivaient current; for the small circuits 
which are equal to the shell, and also to the original cur- 
rent, will continue to be eipial to the latter in whatever way they 
are drawn, whether on a plane surfaw or one curved in any way. 
The only requirement is that each is close to the one next to it — a 
condition n hich can \ye fulfilled equally well by a surface of any form. 

To calculate the magnetic potential at any jioint due to a 
current forming a closed circuit — 

Substitute for the circuit its equivalent magnetic shell. ^V*- 
then calcuhite as for a magnetic shell. 
• Vol. i. p. 158. 
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CHAPTER XXVIII. 

RELATION BETWEEN VAIII4TION Of POTENTIAL AKD STttEKCTd 

OP CUURENT. 

Uiim's law tells us that, when the reBiEtance U constant, the 
current in any wire vuries ilii'eclly ue the difTerence of potential 

at its ends. 

Let ug draw a horizontal lint AB, fiffs. 139, 140, 141, whose 




Fig. I3«. FiB.lU. 

length represents the reeiitance of a wire carrying acarrent; 
and let ua draw vertical lines at TBrious points whose lengths 




represent the potentials at those points — positive potenlia's being 
drawn upward, negative ones downward. 

By Ohm's law the extremities of these ordinat«s will all lie in 
the same straight line CD. If the diflerenee of the potentials at 
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the ends is great^ the slope of the line CD will be steep; if it is 
small, the line will be more nearly horizontal. That is to say, 
the slope of the line CD represents the rate of variation of potential 
as we travel along the wire from A to B. 

Bat as the line CD is straight, its slope depends directly on 
the difference of height of its ends, and inversely on the length 
of the line AB. 

By Ohm's law the strength of the current varies directly with 
the difference of potential at the ends of the wire, and inversely 
with its resistance. Therefore the slope of the line CD represents 
the strength of the current in the wire. 

But as we have just shown, this slope also represents the rate 
of variation of the potential. Therefore, the strength of the 
current in AB is pro^'Ortional to the rate of variation of the po- 
tential in it ; and as AB may be made as small as we please, wc 
may say that the current at any point in a wire is proportional 
to the rate of change of the potential as we begin to leave that 
point. 

Finally, by so choosing our units, as we have done on the 
C.G.S, system, we may make the ratio one of equality, and say — 

The current at any point in a conductor w equal to the rate at 
which the potential caries as we bet/in to leave that point* 

Of course the direction of the current is given by the direction 
of the slope of the line CD. 

* That i« — If Y be the potential at tlie poiut, the current is zZ, where « it 
a length measured along the rire. 
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CHAPTER XXIX 

CU&EKNT8 FfiOBUCBD BT INDUCTIOK ON ClJOfiIlf0 AlTD BBIAKOm 

•ths cibcuit. 

Rbiahvb Motion. 

The experiments described on pages 276 and 277 have shown bs 
that if we move a wire in the neigfabourhoiod o£ a magnet» a 
certain difference of potential is produced at the ends of the wire. 

We also saw that the same effect will be produced if we leave 
the wire stationary and move the magnet, as there is the same 
relative motion in each case. 

Instead of a magnet of ordinary form, we may use a magnetic 
shell ; and, finally, we may replace the magnetic shell by its 
equivalent current, as in fig. 1J58, p. 305, and in fig. 129, p. 277. 

Now we have shown that the potential at any point due to a 
circuit is equal to the solid angle subtended at that point multi- 
plied by the strength of the current ; so that, if we vary either 
the solid angle or the strength of the current, we vary the 
potential. 

When we move the wire, we have shown that we cause an 
electro-motive force in a wire in its neighbourhood as long as 
the motion continues ; and similarly, if we vary the current, we 
cause a similar electro-motive force as long as the variation 
continues. 

Variation of Cuurent. 

Increasing the current has the same effect as approaching the 
wire ; diminishing the current has the same effect as moving the 
wire away. 

Gradual Increase. 

When the ends of a wire are connected to a battery, the cur- 
rent which flows th.rough the wire does not at once attain its 
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maximnm value^ but gradually increases for a short time (a small 
fraction of a second). Similarly, when the current is interrupted, 
the diminution is somewhat gradual. 

In each of these cases a current will be induced in any neigh- 
bouring wire, which current will be in opposite directions on 
making and breaking contact, and will be nearly instantaneous 
in duration. The direction of the induced current, on making 
contact, is the same as that which it would have if the inducing 
current, flowing constantly in the same direction, were brought 
nearer to the inducing wire ; that is, it is in the opposite direc- 
tion to the primary current. 

We see that the strength of the induced current will be influ- 
enced by the rate at which the potential of the secondary wire is 
made to vary, because that is proportional to either the rate of 
variation of the solid angle, or the strength of the inducing 

current. 

Extra Current. 

If a current be sent through a co\l of wire, it is observed that, 
on closing the circuit, the current does not instantly reach its 
maximum value, and that, on breaking the circuit, it does not 
instantly fall to zero. This effect is the same as would be pro- 
duced if, at the moment of closing, a transient current were 
produced in the wire in the opposite direction to the primary, 
and, at the moment of opening, another in the same direction as 
the primary. 

The same effect would also be produced if the phenomena 
of the electric current were due to the motions of a fluid having 
inertia, and therefore momentum when in motion. If this 
were the case, the fluid would, when the electro-motive force 
was applied, begin to move slowly by virtue of its inertia, and, 
when the electro-motive force ceased, its momentum would pre- 
vent the resistance from at once stopping its motion. 

Many experiments have shown that the first of these hypo- 
theses is the cori-ect one ; or, at least, that the first hypothesis is 
the true explan*ition of by far the greater portion of the effect. 
There is still, however, a minute residual effect about which 
experiment has not yet given a decided answer. 

The transient currents in a coil are produced by the induction of 
each portion of the current on the neighbouriug wires, on which 
it acts as if they were portions 0/ another circuit. 
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Tliese transient currents are culled the "Extra Currenfs" ot 

(.■losing' and opening rcspectiveij". 

If the coil he unwound and stretched out {fig. 143), so that 
no part ia near any other part, except at 
right angles to it, the extm currents 
iilmost entirely disappear. Tliis is because, 
tiir two wires to act inductively on each 
other, it is necessary that tbey should he 
uear together, and not at right anglee. 
1 say almoit the whole extra current dis- 
appears (that is, the main current attains . 
its maximum or its zero almost imme- 
diately after closing or opening), hecause 
there is a slight residual effect while the ' 
wire is in what was called hy Paniday the 
elecfro'lojiic state — tliat is, the changing 

sEiite while the current is forming or ceasing. 

Measueemknt op Currents phoduced os Closing and 
Opening the Cibcuit. 

Except in certain special cases, the strength of the inducv^l 
current; at any instant is not measured, owing to its short] 
duration, and, seemiiigiy, almost arbitrary variations, even durinfp ] 
the short time it lasts. 

Ill measuring the induced current, Iioth these difficulties are ] 
avoided, by measuring, instead of its value at one instant, the 
sura of all the values it has during the short time it lasts. 

This is managed by using a galvanometer with a somewhiit 
heavy needle, which, on receiving a sudden impulse, begins to 
move very slowly. When the induced current passes each value, 
it gives a proportional impulse to the galvanometer needle, and 
the last impulse has been received by it before the first has sen- 
sibly displaced it from its position of rest* 

The impulses, being all added together, cause the needle to 
swing from its position of rest. The extreme limit of the swing 
is a measure of the sum of the impulses — that is, of the total 
current produced by closing or opening a neighbouring circuit.f 
ttr (vol. i. p. 240) is uwd for MjKrimentg of tlil* 
■fi carrent at anj iniUiit, the total 
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Blasekna's Experiments. 

Professor Blaserna* has investigated the laws of currents of 
opeuitig and doBin;;, and the duration of the curreuta prodowd, 
lioth on opening and cloHn^, both in the wire itseir, and iu 
other wires in the neighbourhood. 

His method of proceeding was as follows : — 

To measure the duration of a current in the secondary wire, 
it is necessary to disconnect the secondary wire from the galva- 
nometei- at a fimnll known interval of time after the closing or 



opening of the primary circuit. The shortest value of this 
interval which is found not to affect the strength of the secon- 
dary current is the duration of that secondiiry current. 
The Uifferestiai, Interruptor. 
Professor BInaerna makes this measurement by means of two 
cylinders, C C fig. 144, clamped on a common axis, the surface of 

.-nrrentU X'**" 

where ( is a time not leu than that which tlie primaiy current takes \a varj 
frum aeru to itn iniixlmum rdue on cloiing, or from it* maximum volae lo 
ueta on o|ieniiig the circalt. 

* Sullo STiluppo e la durata ddle forrenti d'inJuzlone, e delk eHtrnuorreuti 
ProfeSMir Pittru Blnaerni. Gioraale rfi Setemt Nalumli ed E-oHomicKt, 
Vol. vi.. 1870. Palermo. 
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pMtofflW!hb«iigwood,puiiDeU. Two melal springs preM on 
the two cylindai, oae on vhAl, and reipeotiTelrekiM at opm flw 
primny and MCondarf'oiTOiiiti, icoOTding to whetbei th^ prea 
oa wood or metal in eaoh oaae. Bj oaonng the ^lindan to 
revolve lapidlf, and with known velocity, anj daration <^ oontaol^ 
however short, can be obtained at will 

Vig. 144 givea tlie detaili of the appantu^ idbioh the uventgr 
oalla tiie " DiSbwitial Interraptor.'* 

Fig. J45 ia a diagmn of the aame apparatna. 




Round the pulley-wlieel A passes a band from a heavy fly- 
wheel, which is turned by band by an asEistant. By meane of 
a train of eofj-wheels, K/' KV, a very rapid motinn is commnDi- 
cated to the cylinder. M M' are the contact springs, which cao 
be moved longitudinally, and clamped in any position. The 
cylinders can be placed in any position with regard to each other, 
tbe position being known by the divided circles dd'. 

The springs mm' which press on tbe rollers cc* complete the 
circuits. 

The metal portion of the surface of the cylinder is, on the 
primary cylinder, cut into st^ps; on thp secondary, partly into 
steps and partly on a slope. 

^y suitably placing tbe springs MM', we can cause the 
secondary circuit to be closed or opened when the cylinder has 
turned through any desired angle, alter either the closing or the 
opening of the primary circuit. 

Mbasvrement of the Velouiti of Revolution. 

A wheel B is fixed to the axis of the cylinder, and turna with 
it. In '\\» circumference are several rings of holes, the holes in 
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each ring being equidistant from each other. The rings contain 
96, 48, and E-t lioles respectively. 

A jet of air from an india-rubber tube plays upon the wheel, 
and is alternately checked or allowed to pass freely, according as 
a hole, or solid metal, comes opposite to the mouth of the jet. 
When these openings and closings succeed each other rapidly, a 
musical note is produced. 

Now the number of vibrations per second of a tuning-fork or 
other instrument producing a note is known. When, therefore, 
the note produced by the air-jet is the same as that of a tuning- 
fork which gives n vibrations per second, we know that n holes 
pass the aperture in a second, and tlierefore that the number of 
turns per second is 

n n n 

96' 48' "'■ 24: 

according to which row of holes we are using. 

An observer, with a sufficiently goo<l musical ear, can deter- 
mine the velocity more accurately by this than by any other 
method. 

Now suppose the cylinder turning with a velocity of N turns 
per second ; and that between, say — closing the primary current 
and opening the secondary, we have to turn the cylinder degrees, 
then the time which elapses between closing the primary and 
opening the secondary will be 

:^^A • ^T of * second, 
360 N 

which, if we are using, say the outside row of holes, will be 

^ 96 4 ^ « , 

- -- . — = T= • - of a second, 
3(iO n 15 n 

where n is the number of vibrations per second of the note 
given by the perforated wheel. 

Preliminary Experiments. 

Professor Blaserna first describes a number of preliminary 
experiments to show that the instrument may be trusted to 
make contact exactly at the times when the edges of the brass 
come under the springs, and not a fraction of a second later. This 
point being satisfactorily established, he goes on to the experi- 
ments which form the real object of his research. 

The room in which the experiments w^ere made was about 18 
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feet square, ami tlie " DiBerential luterruptor '* was bolted to a 
stone elal) fiscd to one wall nf tbe room, while the tjalvnnoinettr 
stood on another eimilar slab at the other side oE' the i-oom, and 
was therefore not affected by the vibration of the machinery. 

One of tbe galvanometers was a tangent galvanometer fur- 
nished with a mirror. A method of graduating it, that is of 
eliminating its errors and determining exactly what rtrength of 
current corresponds to each deflection, is given. An astatic gal- 
vanometer is also used in the observations. 

Tlie first experiments were made on the 

Induced CoRaENT or Closuto. 

In these, the arrangement was that of fig. 14G. The primary 

current was closed tor 180°, aud the secondary current wa» 



\ 




broken when the cvJinJ. 
primary. 
It» 



rl turned 1'9° after closing tin; 



s found that when the circuit was closed, and a cuireni 
passed which caused a deflection of 25° in a tangent galvanometc 
B, that the impulse due to the closing deflected the second galvtino> 
meter G, 3^°. The coils SS' were distant 1 centim. from eacU 
other. On turning the wheel gently so that the cylinder madd 
3-76 revolutions per second, the deflection of the induction^ 
.galvanometer at once went up to 36°, showing that the efiecte ^ 
on the needle of the quickly i-ecnrring impulses were added to- \ 
getlier. 

As the velocity increased the deflection increased, until l^J 
9 U7 turns the deflection was 42°. This was its maximum, bb4 I 
it then begiin to decrease, owing to the secondary circuit being | 
broken before the current in it was fully formed. 



Induced Current of Closing— B laser na. 3 1 5 
The following deflections were obtained : — 

Tarns per second. Deflection. 

10-10 3«*34 

1223 7 

16-66 1 

1905 k 

19 90, and above .... 

That is, that when the velocity was greater than 19*9 turns 
per second, the current was broken before the induction current 
began to be formed. From these experiments we obtain the 
following results : — 

" The induced current is not formed suddenly at the moment of 
closing^ hut after a certain interval of time. It arrives mpidly at 
a maximum^ and then decreases more slowly" 

Professor Blaserna states that the shape of the curve ex- 
pressing the relation between the velocity of revolution and the 
strength of the induced current varies, not only with the 
distance apart of the spirals, but with the specific inductive 
capacity* of any substance which is placed between them. 

The time t which elapses between the closing of the primary 
and the commencement of the formation of the induced current, 
depends on the distance between the spirals and the substance 
between them. 

The following are some of Blaserna's results : — 

Distance between the Spirals. i 

1 ceutiin. of air 0*000167 seconds 

23 „ „ „ 0000208 „ 

2-3 with disc of shellac .... 0000380 „ 

4 „„ of air 0000290 „ 

1 centim. with largo disc of shellac . . 0'(J00450 

1 centiin. with 4 layers of glass, each of 

thickness of shellac disc . . . 0*000373 

1 centim. with disc of sulphur . . . 0'000402 „ 

1 centim. with disc of resinous pitch f . 0*000686 (P) „ 

From these and similar experiments he deduced the distance 
which there would have to have been between the spirals, in order 
that the induced current should commence one second after the 
closing of the primary when the space between was filled with 
different substances. 

* More probably the magnetic inductive capacity. Experiments with the 
Hughes Induction Balance, vol. i. p. 282, might elucidate this point.— j.e.h.o. 
t Pecegreca. 
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'i liL'se (lifitaui... et'tiUs the" retaiilation" jiroJuced by tliC' 
rent substances. 

End of the In'ouoed Cubkknt. 

F<tr this portion of the invesUgatioii the method adopted * 
to so nrrimge the cyliiid ' - -■-'oiiclary current was closed 

about 3° a^er the primury; so u . inomena were not oom- 

plicated by any disturbing cause, iuration of the induct^ 

current, or rather the interval between le closing of the primary 
and the end fif the induced current, would be the time taken by 
the cylinder to turn 3° when the apeed was the least thut gave 
no dfflection of the ftalviinoroeter. 

The phenomenon w, however, complicated by two thiii|*8. 

The reaction of the Becondary current on the primary circuit, 
and the doubt which existB ss to whether or not thu induced 
cuiTent ceases at the moment of breakinfj the circuit or whether 
it reniiiins for a short time in the wire. 

Klaserna was not able fully to correct for these errors, but he 
gives aa an approximation, that the duration of the current of 
closing varies from lfU01624 second to 0-001960 second. He 
Mys, however, that he attaches but little value to these results. 
He considers it possible that there may he several maxima and 
minima. 

The Isduceu Corkent of Opening. 

Forezperimentson thisthe cylinders werearran^d so that the 
secondary current was closed at the moment when, or for greater 
precaution a moment before, the primary was opened. 

It was then found that — 

The current of opening it holh formed and completed in a tin 
thorter than thai of the current of closing. 

The following comparative results are given : — 

Time required to attain ma.ximum under the same condition 
Current of cluning . . . . OOOrtlSS «econd^ 
Current of opening . . . OOiX)273 „ 



Induced Current of Opening — Blaserna. 317 

Maximum intensity. 

Current of closing . . . 23770 arbitrary units. 
Current of opening . , . 86000 „ „ 

It must be remembered, however, that the " area " of the two 
currents is identical ; that is, that the time integral* has the same 
value for each. 

This means that the total quantity of electricity carried across 
the wire is the same in each direction. 

Then, if the current of opening is more intense, and less in 
duration than that of closing, the difference of potential along 
the secondary must be greater in the former case than in the 
latter. 

Professor Blaserna finds that the ratio of the potentials in the 
two cases is about 13 to 6. 

Now, Messrs. De La Ruef and Miiller have found that the 
length of the spark obtained in air from batteries of 600 to 564-0 
cells varies as the square of the number of cells; that is, as the 
square of the difference of potential. 

Now, suppose the induced current to be strong enough to give 
sparks, we should by Blaserna^s results have — 

Ratio of length of spark due to current of opening to that due 

to current of closing, 

= 13» : 6- = 4-69. 

But in addition to having greater intensity, the current of 

opening is formed much more quickly than that of closing. 

Now, the effect of the correction which has been applied to the 

numbers. 

860,237 

to obtain the ratio 13:6 appears to me, as far as I understand 
Professor Blaserna's reasoning, to be to almost eliminate this 
fact, \ihich is known to be very important to the length cf 
spark. 

Taking the uncorrected numbers, we have the 

Ratio 8602 : 237« = 13 about 

In an induction coil J the spark produced on opening is very 

much greater than that produced on closing; much more than 

thirteen times greater. 

* See note f to page 310. 

f Troc, Boy. Soc, 1876, vol. xxiv. p. 167. 

J See vol. ii. p. 43. 

22 
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The cases nie, however, hanily comparable, as in the indueUon 
L-oil tlic effects are cutuiilicated by the time required tQ mngnetize 
iiiiij (Iema);netiEe the irmi core. 

The uneorR'ctol vhIus of tlie ratio, which is eiinply taken from 
llie s\via<r, is to a certnin extent analog>oU3 to the spark length, 
as the Bwin>; depends Dot only on the strength of the impulse bill 
on its BuddeniiuGS. 

The Extra Cukiiext op Closino. 
For the investigation of the estrA current one coil S was used, 
and it was connected as shown in tig. 147. 

A short band being used and the wheel not beinjf tnrned loo 
lust, (iseillations were uhscrvwl in ihc current whicli allowed that 




the extra current acted against the primary. Tlic 
obtained was that — 

" The iti'lttce'l current farmt iUelf tvgflher teilK ihe prUeipi 
i-iirreiif, and comoieaei't fo cireulaU [however J'aehl^) mddenljf » 
the moment of elo*iug." _ 

Further observation shows that there are Boveral osciUatiooi 
that is, tliat instead of the extra current attaining a maximui 
und Lheii diminishing, it pabsea through several maxima i 
minima. 

In Plate XXVL, uurves v. and vi. represent the values of 
primary current, minus tlie extra current; and, therefore, ir 
suriug the ordinates downward from the top gives the values 1 
the extra current. 

The variable state of the extra current may last as much | 
^ of a second. 

A study of the corves shows that— 
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" The frit oicillatioH of the current hat a t/real amplitude and 
a small duration ; the tecond, less ampHtaile and more duration ; 
that the amplitude goe» on regularly diminishing and lie dura- 
tion ittereating, till at latt all the oicilliitioit viiHiiliea and i» 
eonfovnded witk the harizonlal ilraight line, vhieh repreientt the 
normal ttate of the current." 

We may account for the oscillations la tliis way : — The extra 
current always tends to ulter the direction in which the current 
is varying. Tlins, while ihe current is increasing, the estra cur- 
rent tends to make it decrease ; as soon as it Ijegins to decrease, 
the extra current tends to make it increase, and so on." 

The Extua Curhent of OpknoiO. 

This is much more difficult to study than the curreut of closing, 
as an arrangement oCtlie interrupter has to be made, such that 
at the moment of opening the hattery-circuit, the coJI shall lie 
connected wilh the galvanometer. 

Having made this arrangement Blaserna Ibund, first, that — 

"The extra current of opening consists of aUeritaftng currents 
Khieh succeed each other at nhort interrah of time." 

This was the result of some preliminary espcriments ; further 
observations showed that — 

" The extra current of opening consists of oscillations, more or 
less energetic, which are much more rapid than those of cluing, 
andnfwiick the duration is much shorter." 

Law of Lenz. 

In 1S34 Lenz enunciated this law — 

" If B constant current flows in the primary circuit A, and if by 
the motion of A, or of the secondary circuit B, a current is induced 
in B, the direction of the induced current will be such that, by its 
etectro-magnetic action on A, it tends to oppose the motion of 
the circuits. "f 

If, for a current moving away from, or towards another, we 
substitute a current whose strength is diminishing or increasing, 
we shall see that Blasema's results, particularly as to the oscilla- 
tion of the estra current, can be explained as deductions from 
Lenz'e law. 

■ Thia eipUnation 'u a mere deduction rrom Lvm'a law. 
t Maxwell'i Elerlridt^, 542, vol, U. p. 17(j. 
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Schillbe's EzpBEnninB on Eucmo OscniJLTioire.* 

, In 1874^ Schiller pablUbed an acoount ^f some expmmeats 
on ** Electrio Oscillations.'^ He found that if an dearie conent 
be suddenly interrupted in a primary ooil Bn which, acfts bgr 
induction on a secondary coil B^^ ike endi if JB^ heiM§ mmtkUeil 
from each oiker^ that there will be a great number of extremely 
rapid *^ oscillations '' in the secondary ; that is,, tiiat if one end of 
the secondary be connected to the earth, the other will iMive 
rapidly alternating (+) and (— ) potentials. . 

The duration of each oscillation varied in different experiments!, 
but generally it was from 6 to 12 hundred-thousandths of a 
second. 

When the ends of the secondary were connected to aoondensor 
the length of each oscillation was increased. 

The oscillations were measured by the following method : — 
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A primary coil Rj was connected to one Daniell cell B, and 
to a contact key P'. 

Ri was placed inside a secondary coil Rj, one end of which was 
connected to earth, and the other through a key P to a condenser 
C, and to one pair of quadrants of an electrometer. The other 

• Einige experimentelle Untersuchungen uber electriscbe Schwingongen 
Ton N. Schiller, P«>gg. Ann. 1874, p. 636. 
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qaadrants and the other plate of the electrometer were connected 
to earth. 

The keys P and P* were ordinarily kept closed by springs, but 
were so arranged that when opened they would remain open. 

The keys were opened by means of a heavy pendulum, which 
was kept in a horizontal position by means of an electro-magnet, 
and, on being released, fell in the direction of the arrow, and struck 
the levers h A'. 

When A and A' were in the same straight line, the contacts 
were broken simultaneously. 

The key P could, however, be moved by means of the micro- 
meter screw M, so that the lever A was not struck till a certiiin 
time after the lever A'. The scale S showed the number of turns of 
the screw, and fractions of a turn were read on the divided head M. 

When the velocity of motion of the pendulum was known, the 
time interval corresponding to one division of the scale S could 
be determined.* 

Thus it was possible to break the contact in the secondary coil, 
at a small known interval of time after that of the primary. 

When the electric oscillations take place, the potential becomes 
alternately ( + ) and (— ). 

The curve of oscillation is of the same general kind as the 
curve represented by that part of curve V., Plate XXVI., which 
lies between the verticals 2 and 11, if the horizontal line 13 be 
taken as the line of zero potential. 

Now, as the potential is changing from ( + ) to ( — ) or from 
(— ) to ( + ), it passes through the zero line, and thus, at the 
beginning and end of each oscillation, the potential in the 
secondary wire of the electrometer will be zero. 

If the secondary circuit is broken at the commencement of an 
oscillation, there will be no deflection of the electrometer, for, at 
the moment of breaking, the potential is zero, and the sums of 
the preceding positive and negative charges are equal. 

In the experiments the primary was first broken, and then, 

• The time value of one scale division was determined bj connecting the 
two keys to the coils of a delicate difiei-entlal galvanometer. When the 
contacts were broken simultaneously, there was no deflection. When P was 
moved one scale division, there was a swing of the needle depending on 
the time during which the cuiTent in P had acted alone. The time was cal- 
culated from the swing. 
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after a coavenient interval, the secondary was broken. The 
interval was chosen so that the I'enulls should not be confused by 
the epark, but yet that the oscillations should not be too small. 

The micrometer screw was then adjusted till there was no I 
deflection of the electrometer. 

The reading havitig been taken, the key P was screwed t 
the next poaitiou, in which there was no deflection. The diffecenceil 
between the first and second readings gave the duration of uil 
oscillation in scale divisions. The time corresponding to one scale 1 
division was determined by separate experiments. 

For the particular instrument used, it was found to \m 
■0000012536 sec. 

Without any condenser, the duration of an oscillation v 
found to be 33 sea 



(four one hundred thousandths of a second). 

The author shows how to allow for the " damping; effect " 
caused by the induction of the wires on each other, &c. 

Application to Specific Inductive Capacity. 

It can be shown raathrmatically that the capacity of a coil is 
proportional to the square of the time of oscillation when the ' 
coil only is used, and that of a coil and condenser together to 
the same quantity when the coil and condenser are used. 

From this fact the ratio of the capacities of two condeosen 
can be calculated. 

Now, if we have two exactly similar condensers — one containing! 
air, and the other some dielectric— then the ratio of the capaci^^ 
of the second to that of the first is the specific inductive capa^ty T 
of the dielectric. 
Itui T„ be tlie oBi.'illtition time vilh cuil only, 

T „ „ ., „ with coil Bud dieleotrio condenser. 

T ,. ,, „ „ with coil and aauie condenser, with dieUcttio 

remOTud, Knd onlj air in it; 

then we shall have for the specific inductive capacity I 

A series of determinations of specific inductive capacity wore 
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made by this method with the results given on page 103. They 
are of particular importqnce, as, owing to the rapidity of the 
reversals, there could have been no ])ermanent charging, and the 
number obtained must represent what Wullner* calls the ** In- 
stantaneous capacities of the dielectrics/' 

Vol. i. page 106. 
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